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ABSTRACT 


A comprehensive analysis of the available literature on 
the atmosphere of Jupiter is made, and two models are selected 
as being most likely. It is suggested that a simple probe to 


Jupiter might resolve the question of which atmosphere actually 
exists. 


The general ballistic entry equations are displayed, and 
specific solutions for direct and displaced orbital entries 
are made in two dimensions for Jupiter. It is found that a 
large dense vehicle, requiring the Saturn booster and utilizing 
a graphite ablative heat shield, can make a direct parabolic 
entry at angles up to 30°. It is doubtful that mid-course and 
terminal guidance exists which can give the precise injection 
angles required by this mission. 


The feasibility of atmospheric determination by measure- 
ments of drag load factor, altitude, and heating rate is 
discussed. The general conclusion is that if a successful 
entry can be made, the atmosphere can be determined. The 
success of the entry depends on control of the entry angle. 
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Title: Associate Professor of 
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OBJECT 


The object of this thesis is to examine the vehicle design 
parameters for an entry into the atmosphere of Jupiter, and to 
investigate the feasibility of atmospheric determination by a 


simple entry vehicle. 


CHAPTER 1 


THE ATMOSPHERE OF JUPITER 


lwd Introduction 

The purpose of this thesis is to examine the design parameters 
for a ballistic entry vehicle into the atmosphere of Jupiter. The 
first step is to determine the most probable model of the Jovian 
atmosphere. 

The Jovian atmospheres are quite different from those of the 
Terrestrial planets. Jupiter is the closest and easiest to reach 
of these major planets, and therefore will provide Man's first 
experiment with such an atmosphere. 

The most generally accepted theory of planetary formation is 
Kuiper's protoplanet theory (ref 1). The Solar nebula was broken 
up by gravitational instability and turbulence into the several 
protoplanets and the Sun. Condensation was already present, as 
the temperature of the gas in this nebula was much lower than that 
of the present planets. The heavy solid particles ranging from 
1077 to 102 em in diameter were drawn together to form the nucleus 
of the protoplanets. This only represented about one percent of 
the mass material. The heavier gases, notably oxygen, nitrogen, 
the noble gases, and the oxides of carbon, nitrogen and sulphur, 


were drawn toward the center and trapped. Many of the minerals 


: 
were carbonated, sulphated, and nitrated. 

The remaining 99 percent of the mass in the gaseous envelope 
proceeded to evaporate due to the temperatures generated by contrac- 
tion, and due to solar radiation on the nearer protoplanets. This 
envelope of Hydrogen, Helium, ammonia and methane completely evaporated 
from the Terrestrial planets. Some masses broke off due to the 
centrifugal force of high rotation, to later form the satellites of 
Earth and Mars. A few percent of the original envelope remained 
with the Jovian planets, however, and this accounts for their re- 
ducing hydrogen atmospheres. Jupiter retained approximately 10 per- 
cent of its protoplanet mass, and thus is the largest planet. 

Because of their higher velocities around the Sun, the outer planets 
lost more of their original envelope, thus they are smaller. It is 
believed that Pluto lost all of its gaseous envelope and therefore 
closely resembles Earth, except for its temperature. 

Further contraction of the Terrestrial planets forced percola- 
tion and exhalation of gases from within the hot core, and this 
accounts for the Earth's oxidizing atmosphere. Such atmospheres as 
remain on the Terrestrial planets, then, are these secondary emissions 
of the heavy gases from within. Mercury lost most of its secondary 
atmosphere because of its size and proximity to the Sun. Venus 
apparently has lost most of its water due to solar proximity, and Mars 
has lost most of its atmosphere because of its small size. 

The evaporation from the major planets continued for a shorter 
time than it did from the Terrestrial planets. Kuiper estimates 10° 
years for Earth, and 10? years for Jupiter. This is due to the lower 


temperature and greater distance from the Sun, and also to the larger 


mass of Jupiter. The rate of evavoration depends on the log of 

the mass to radius ratio, and the tenperature. Kuiper has shown 
that Jupiter lost considerable Hydrogen, and some Helium during 

the period of 10? years when it could lose it. At the present time, 
Jupiter is losing a negligible amount of gas. We should note that 
the loss in i, proceeds as the square of the loss of He, due to 

the masses of the two molecules. Therefore, contrary to the 
opinion of Urey (ref 2), considerably more Hy drogen could be 

lost than Helium. 

We shall senenatn” tie atmosphere in more detail in the 
following sections. This should be our first experience with a 
reducing, light gas, "fuel" atmosphere. 

1.2 The Ability to Hold an Atmosphere 
According to the kinetic theory of gases (eweey Jeans 


(ref 3) ), an atmosphere in approximate isothermal equilibrium 


has the following density profile: 





r+H (1-1) 


where r = radius of planet, H = height above datum, and 
/% = datum density. 

Jeans also states that for stability over astronomical 
periods (107 years), the RMS molecular velocity of the gas at 
the exosphere should be less than 20 percent of the escape 


velocity, " gee 


ese | Ry +H Sec. 


For Jupiter, this works out to 64.6 km/sec. or 196,800 ft./sec! 


At the present time, with temperatures of the order of 86°K, very few 
molecules at the escape level attain this velocity. However, during 
the protoplanet period, with temperatures of the order of 1000°K in 
the exosphere, and very low M/R ratios, efficient escape of H, would 
occur. According to Kuiper, the value of log M/R for Jupiter at the 
beginning of the evaporative period was -.39. The upper limit of 
log M/R permitting efficient escape is: +,18 for m = 2 (hydrogen), 
~.12 for m = 4 (helium), and -.77 for m = 18 (methane, ammonia). 
Thus we see that plenty of hydrogen, some helium, but no methane 
could have evaporated. 

The other Jovian planets have less ability to hold their 
envelopes, and it is estimated that Saturn holds 2.5 percent amd 
Uranus and Neptune about 1.25 percent. On this basis alone, Uranus 
and Neptune would be expected to have little or no hydrogen, which 
is not the case. However, it is believed that the extreme cold 
temperatures on these planets may have slowed diffusion of H, and 
He to the exosphere during the evaporation period. Their atmospheres 
also show a lack of turbulence which is present on Jupiter and 
Saturn. Their relative abundances cannot therefore be accurately 
predicted, but must be empirically determined. The usual assumption 
is that fractionation factors are some smooth function of m, the 
molecular weights of the constituents. 

1,3 Probable Constituents 

The composition of the protoplanets at the time of their 
formation is estimated to be in the solar or cosmic proportions. 
Accurate spectrographic analyses of the Sun and stars give the 


relative amounts of gaseous elements shown in Table I. 


TABLE I 


Initial Composition of Gaseous Envelope 





Molecular Weight % Weight 
2.016 63.5 
4,003 H.9 
20mai8 : 0.6 
18,02 0.34 
17.203 0626 
16.04 Ona: 
SG3 Owk5 
Totals 8044 
Average molecular weight, m = 2.48 yy = 1.46 


Urey and others believe that the present remaining envelope 
of Jupiter contains hydrogen, helium and methane in these same 
proportions above the tropopause » To Kuiper it seems unlikely 
that the gases would remain so homogeneous, and would escape 
uniformly, leaving solar proportions intact. Kuiper holds that the 
gases would be fractioned in proportion to Ms » the molecular 
weight of each gas. These separate opinions lead to two different 
models of the atmosphere. To this writer, it seems more likely 
that Kuiper is correct, and this theory is supported by experi- 
mental evidence to be discussed later. However, we will carry 


both atmospheres through this thesis to provide a basis for 


comparison of design parameters. 
Urey's atmosphere, model "a", is shown below in Table I. 
TABLE IT 
Solar Proportion Atmosphere, model a 


Molecular Weight % Weight 
2.016 z 64.4 


4.003 - 
16.04 


Average molecular weight, m = 2.47 





Kuiper's atmosphere; model b, is characterized by a reduction 


of Urey's model "a" by a factor such that the ratios of Hydrogen to 
Helium to Methane are: 


6280n* : 1740n : lel 


He : He : CH (1-3) 


The factor n here is the reduction due to evaporation, and as 
pointed out before, H, evaporates as the square of He. To make the 
present mass come out right, and with the assumption of about 10 % 
of the protoplanet envelope remaining, n = .177. Therefore, the 
model b atmosphere is reproduced in Table II1. 

We notice that to change the molecular weight by even this 


small amount requires a considerable change in the composition. 


TABLE III 
Reduced Proportion Atmosphere, model b 


Molecular Weight % Weight 
2.016 239 
4,003 Om, 

16.04 | lage 


CH, 1.4 
ee ee eee 


Average molecular weight, m = 3.26 i = 1.56 





The pressures in the two models will vary considerably, as shown 
in the section on structure. These models are only for the gas 
above the tropopause, as it is assumed the heavier elements will 
have very low pressures at this height. Notice also that model b 
has He in excess of Ho by 3 to 1, whereas in the solar proportions 
He is over He by 2 tol by mass. Urey holds that such a great 
reduction in H, would be unlikely. Perhaps, then, the actual 
atmosphere is somewhere between these models, for surely some of 
the gas must have evaporated. We will carry both atmospheres 
through our calculations for comparison. 
1.4 Methods of Measurement 

The primary method used to determine atmospheric composition 
has been comparison of absorption spectrographs of the planet 
with emission spectrographs of the Sun. Absorption of a parti- 


cular frequency line in the Sun's spectrum indicates the presence 
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of a particular gas. The strength of ae absorption indicates the 
amount. This method has several drawbacks, however, It is limited 
in scope because the planets are not primary emitters; only the light 
from the Sun can be re-radiated. Certain gases like nitrogen and 
helium have no absorbtion lines in the useful range of spectrography. 
The Earth's atmosphere shuts out most of the ultra violet wave- 
lengths. We also get interference from C0, HAO, and oxygen in 
the Earth's atmosphere. Most of these hindrances can be avoided 
with careful work, but the most difficult of all is to obtain the 
laboratory comparison spectra of the various gases for identification. 
Methane and ammonia bands were detected as early as 1932 by 
Wildt in the atmosphere of steer: The ammonia band was much 
weaker than expected. It was then realized that the clouds on 
Jupiter were NH, cirrus, and less than one om NPT of free NH, 
existed above the cloudtops. According to Kuiper's protoplanet 


theory, the atmosphere should contain an abundance of H, and He, 


‘a 


but no bands for these gases were identified. In 1938 Herzberg 
Meee Meee cea Stee ea te 7500 A° in the atmospheres of all 
the Jovian Sates lines around 8270 A° in Uranus and Neptune. 
But it was not until 1952 that a laboratory experiment showed the 
8270 A° lines to be pressure-induced quadruple vibration-rotation 
modes of the i, molecule. To reproduce this on EKarth required a 
path length of 80 meters, a temperature of 78°K gained by cooling 
with Liquid nitrogen, and a pressure of 100 atmospheres. 

This illustrates the extremes in pressure, path length, am 


* com NPT = height in cm of equivalent column of the gas on Earth 
at normal pressure and temperature. 


temperature that must be used to demonstrate on Earth the same 
lines found in nature's laboratory. It can be shown that the 
temperature on Jupiter at high pressures is too high to allow 
this excitation. But H, can be confirmed by its presence on 
Uranus and Neptune. The lines at 7500 A° are present on 
Jupiter, but have not to date been identified. 

A rare but extremely important method of constitutive 
determination was the occultation of a star by Jupiter in 
November 1952. The rate of diminution of light from the star as 
it passes behind the — is a function of the apparent motion, 
temperature, surface gravity, and mean molecular weight of the 
gases in the atmosphere. Since the first three of these parameters 
are fairly well known, the mean molecular weight can be found by 
photometric measurement of the rate of light diminution. 

It was by this method that Baum and Code (ref 4) measured 
the m of Jupiter in 1952. The light curve best fit an atmosphere 
with m = 3.3. This was important confirmation that the primary 
constituents were H, and He, and CH and NH, as indicated spec- 
tographically. It further indicates an abundance by weight of 
He over H, by 3:1 as predicted by Kuiper! This is why this 
author prefers Kuiper's model b atmosphere to Urey's model a. 

Other methods of atmospheric measurement include ultra- 
violet and infrared absorption by the atmosphere, polarization, 
and radio emission. Although radio emission in a band around 
22 mc has been detected from Jupiter, no conclusive evidence of 
composition has been found. Astronomers believe that this 


radiation is "static", caused by vast turbulence below the 
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clouds on Jupiter. According to Peek (ref 5) this turbulence gains 
its energy from heat within the planet, and from the fast planetary 
rotation. The turbulence accounts for the meteorological formation 
of the bands on the planet similar to the prevailing winds on Earth. 
This will be discussed more fully under Structures. 
1.5 Structure of the Atmosphere 

The general structure of both models will conform to the 
following assumptions: 

1) A spherically symmetric atmosphere 

2) Isothermal equilibrium in the gtrhveepners 

3) Dry adiabatic lapse rate in troposphere 

4) Moist (NH) adiabatic lapse rate below the cloud tops. 

From these assumptions, the thermal models can be constructed 
as shown in figure 1. The isothermal temperature given by Peek 
(ref 5) is 86°K. The equilibrium tenperature for solid NH, from 
the phase diagram is 165°K to 168°K, depending on pressure. Zero 
conditions refer to the tops of the clouds. The measurements of 
Jupiter's radius have always been referréd to the cloud tops, so 
we will use this as zero altitude. 


The dry adiabatic lapse rate is given by the expression: 
mg 
pa & (14) 
ox 
g 
This yields for Jupiter: 
r( 


With this information, the depth of the cloud tops below the 


2.117) = 2.6 °K/kan 


| 


3.26) = 4.0 °K/tan 


m 


tropopause is easily calculated, On the way down a level is 
passed which is at the radiometric temperature of Jupiter (102°K). 
This is the level which the thermocouple sees at 8-14. It is also 
the level where the pressure is approximately one atmosphere. The 
emissivity of the gases above this point is so low that we assume 
most of the energy radiated into space comes from below this 

level. Between here and the cloud tops there is less wae one 
centimeter NPT of ue and radiation from below the clouds is 
effectively blocked. This explains the rather weak ammonia 
absorption peste from Jupiter. 


The density ratio for the adiabatic portion of the atmos- 


phere follows: 


hi 


The density, 2)» is calculated from the perfect gas law, which 


should apply at these temperatures and pressures. 


m 
Vag as (le6) 
EO 





The pressures at the cloud tops are fixed by the (H, ts He/CH, ) 


abundance ratio used for model a and b. 


24 earth atmospheres 


fP, (m = 2.47) 
fs (m = 3.26) = 2 earth atmospheres 


Here we point out again that model b is more probable. 
The 8270 A®° absorption due to H, quadruple excitation is absent 


from Jupiter. But if a pressure of 24 atm prevailed in the 


LO 


clouds on Jupiter. According to Peek (ref 5) this turbulence gains 
its energy from heat within the planet, and from the fast planetary 
rotation. The turbulence accounts for the meteorological formation 
of the bands on the planet similar to the prevailing winds on Earth. 
This will be discussed more fully under Structures. 
1.5 Structure of the Atmosphere 

The general structure of both models will conform to the 
following assumptions: 

1) A spherically symmetric atmosphere 

2) Isothermal equilibrium in the staueauustte 

3) Dry adiabatic lapse rate in troposphere 

4) Moist (NH) adiabatic lapse rate below the cloud tops. 

From these assumptions, the thermal models can be constructed 
as shown in figure 1. The isothermal temperature given by Peek 
(ref 5) is 86°%K. The equilibrium temperature for solid NH, from 
the phase diagram is 165°K to 168°K, depending on pressure. Zero 
conditions refer to the tops of the clouds. The measurements of 
Jupiter's radius have always been referréd to the cloud tops, so 
we will use this as zero altitude. | 


The dry adiabatic lapse rate is given by the expression: 
mg 
p= &) (1-4) 
x 
g 
This yields for Jupiter: 


en = 2 7) = 2.6 °K/km 


Mn = 3.26) = 4.0 °K/lan 


With this information, the depth of the cloud tops below the 


tropopause is easily calculated. On the way down a level is 

passed which is at the radiometric temperature of Jupiter (102°K). 
This is the level which the thermocouple sees at 8-l4y. It is also 
the level where the pressure is approximately one atmosphere. The 
emissivity of the gases above this point is so low that we assume 
most of the energy radiated into space comes from below this 

level. Between here and the cloud tops there is less ipain one 
centimeter NPT of NH,, and radiation from below the clouds is 


3 
effectively blocked. This explains the rather weak ammonia 
absorption spectrographs from Jupiter. 
The density ratio for the adiabatic portion of the atmos- 


phere follows: 


O” = 





z 2 ga). Cgnde (1-5) 


The density, A,» is calculated from the perfect gas law, which 


should apply at these temperatures and pressures. 


m 
Vas a's (1-6) 
eo 





The pressures at the cloud tops are fixed by the (H, + He/CH, ) 


abundance ratio used for model a and b. 


247) 


24 earth atmospheres 


Py (m 


i 


f. (a = 3520) 2 earth atmospheres 


Here we point out again that model b is more probable. 
The 8270 A° absorption due to Ho quadruple excitation is absent 


from Jupiter. But if a pressure of 24 atm prevailed in the 


1% 


visible portion of the atmosphere, we probably could see this bam. 
Above the tropopause isothermal conditions are assumed to 


prevail. Therefore the density follows the expression: 


P =Pg 0 6s! a) 


Here the scale height, = , is given by 


by m 
is Tey (1-8) 

Most references give the scale height of Jupiter as about 
60,000 ace but such a figure is based on a mean temperature of 
the planet of 170°K. Since the scale height is to be used over the 
isothermal portion of the atmosphere, this author prefers to use the 
isothermal patent (86°K). This drops the figure down consider- 

iE 


ably, and in fact makes z for model b = 26,000 feet. This compares 


with the value for Earth of 23,500 feet. 

The density profiles are plotted in-Figure 2 based on the above 
assumptions. We should note that the density for model b is almost 
identical with Earth. Therefore, the dynamic pressures are equal, 
wild any winged vehicle which can fly above the Earth can also fly 
above Jupiter. Of course the pressures and lift required at a 
given altitude will be different. 

1.6 Summary 

Fairly conclusive evidence has been offered to support model b 
over model a. Comparing the surface of Earth to the tops of the 
clouds for Jupiter, one finds the density profiles nearly identical. 
Assuming an entry density at 160 kilometers for Earth, the same 


altitude would prevail for Jupiter. Even with model a, entry would 
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commence at about 250 kilometers. It is unlikely that any 
reasonable shape would penetrate below the clouds before the high 
Mach phase is over. Pressures increase very rapidly below the 
clouds, and the critical pressure for H, is reached at about 


-~120 km. From this point on we have solid H, to a pressure of 


Z 


200,000 atm., and metalic H. beyond. It seems unlikely that 


2 
Karth people would ever explore Jupiter to a significant 

depth below the clouds. But it is quite likely that they will 
explore the upper atmosphere for scientific reasons. Jupiter is 
the closest ann Sacvest to reach of the remaining protoplanets. 
The Terrestrial planets all have secondary atmospheres, but an 
accurate determination of Jupiter's atmosphere would give good 
evidence about the formation of the solar system. 

Such an entry could be made with a rather unsophisticated 
probe at an early date. The potential required would be very 
little more than the recently launched Venus probe. Higher g 
forces and heating would be encountered due only to the higher 


entry velocities involved. Such an entry will be designed in 


the subsequent chapters. 
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TABLE IV 


Summary of Atmospheric Characteristics 


Property Jupiter a Jupiter b 


a 


O 
p,(slugs/ft.) 


fyfatm) 
K (ft) 
K (tm) 
1/K (ft) 
F?(oK /kan) 


Aur (slugs/ft?) 
Hy» (kn) 

H entry (kn) 
entry 


Ts 50 


Mm 





288°K 
2.7 x 107? 
1 
4.26 x'10~ 
31397 
23,500 
Seg 


707 x see 


11.0 
161 


3x 10714 


Pa ed 


ye 
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CHAPTER 2 


GENERAL ENTRY DYNAMICS 


aol Inerodnemaon 

Since the purpose of this thesis is to investigate design 
parameters for an unsophisticated probe to Jupiter for atmospheric 
determination, only trajectories which lend themselves to little 
or no guidance will be considered. This will limit us to a steep 
ballistic entry from deep space, a shallow entry from a disturbed 
reconnaissance orbit, or a decaying orbital entry. The use of a 
lifting vehicle will be prohibited by the delicate guidance 
required for orientation and attitude control. This first probe 
should be more like a meteor or bomb, and may broadcast only two 
things; stagnation point temperature and specific force. It may 
have to withstand specific forces up to 9000 Earth "g's", and will 
have to be dense enough to make a deep penetration before burning. 
It will use a thick ablative heat shield, and may rotate slowly to 
distribute heat evenly. It will contain no gyros or guidance 
system, and its transmitter will be potted solid state electronics 
and batteries. 

In all these one pass ballistic entries, the specific forces 
(deceleration) will be far greater than the gravitational forces 


on the vehicle, and therefore the entry can be considered a 
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straight line. A further assumption is made of planar motion. 
Since Jupiter rotates so fast, the orientation of this plane will 
be important. However, it should be relatively easy to make the 
entry near the equatorial plane, and in the direction of rotation. 
This will considerably reduce the entry velocity with respect to 
the atmosphere. 

The general three dimensional equations of motion for variable 
mass; oblate, rotating planet; and atmosphere with winds are 
spelled out in Duncan's thesis (ref 6). These equations cannot be 
solved in closed form, and are too complicated to be useful in 
showing variations of the parameters in question. For a probe as 
straight-forward as this, the two dimensional, constant mass, 
spherical rotating planet without winds will be entirely adequate. 
The vehicle is essentially a cannonball, and contains no guidance 
to utilize such nice refinements in motion. 

The ballistics used will be those of Chapman (ref 7), and the 
modifications of Duncan (ref 6). Duncan's "conservation parameter" 
will not be necessary, since only the gas-dynamic phase is considered. 
The Keplerian and intermediate phases are of use only for guidance 


ol -2 rT 


in the range of 10 ° to 10 g's", and do not affect vehicle design 


for the final phase. 
22 Types of Entry 
The direct entry will be made at some entry angle, jj , from deep 


Space with initial velocity, v =v 


i esc’ For Jupiter this would be 


about 200,000 ft/sec. But if the entry were made in the direction 
of planetary rotation, this value would be reduced by 41,000 


cos d/ ft/sec. This type entry requires no rocket thrust, and no 
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guidance other than the initial aiming. 

The shallow entry would be accomplished by an impulsive 
perturbation from a stable reconnaissance orbit around Jupiter. 
The angle would be very shallow because large impulsive pertur- 
bations would require too much propellant. A reasonable value 
for 0 would be 5°. The entry velocity would be on the order of 
satellite velocity, and could be reduced by almost the entire 
rotational velocity of the planet. Therefore V, = 100,000 ft./sec. 
This entry would be gentler than the first type, but would require 
a higher ideal (CSE cos for the launching vehicle, and 
much more accurate guidance. Extra fuel would be required to 
establish the orbit, and still more to launch the probe from the 
epolonhiae 

The orbital decay entry would be the gentlest possible with- 
out using a lifting vehicle, but it is also the most difficult 
to obtain. A low orbit within the sensible atmosphere would have 
to be attained, and would require the most careful guidance. The 
time required for this entry is longer than the others, as several 
passes around the planet would be made. The entry speed would also 
be about 100,000 ft/sec. and the maximum specific force would be 
40 Earth g's. This shows that a lifting vehicle of some sort will 
certainly be required if a manned entry is ever made. 

At the present time, the only entry available is the direct 
ballistic entry. But as we shall show, this would not be too 
hard to design with present materials, and would probably give the 
most useful information. 


Equations will be included for instrumentation of the probe 
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in both flight path axes and energy axes. Flight path axes can be 
used regardless of the shape or orientation of the vehicle. The 
assumption has been made that for a steep entry the specific force 
lies along the flight path (Drag). Therefore, pendulous mounted 
instruments will indicate flight path axes even in a spherical 
rotating vehicle. Energy axes (r, $} can only be used, however, in 
conjunction with a vertical indicating system. The resolution of 
the motion into radial and tangential components requires the angle 
x It is expected that such a system will not be included due to 
its complexity and delicate nature. 

It should be emphasized that this instrumentation is to deter. 
mine deceleration forces for radio relay, and is not intended for 
guidance. In this matter, small angle approximation and neglect of 
gravitational terms is allowed. 

2.3 The Coordinate Frames 

Figure 3 illustrates the two simple two dimensional coordinate 
frames used in the analysis. Ther, 9, ¥ frame is a great circle, 
planet centered frame which rotates with the vehicle. It can be 
considered an air mass frame or energy frame, as potential energy 
and angular momentum can be written in terms of r and $. The entry 
trajectory is assumed to lie entirely in the r,% plane; and the angle 
of this plane with the equator, ¥ , is assumed to be small. 

The flight path coordinates (x,z) are in the plane of r,@ and 
are rotated through the angle, 94. 


2.4 The General Entry Equations 


Accelerations: 


aA =R-=b 0 aged + ® vy (2-1) 


i) 


Components of Vig? 


Vig = Vg + Wry cos 7 = V cos of + Wr, R cos 1 (2-2) 


where v = vel. with respect to the air mass, 
and * = inclination of the trajectory plane with respect to the 
equatorial plane. 
R = V sin %, (2.23) 
It is useful also to define coordinates along and normal to 
the velocity vector as an x,z frame. (See Fig 3.) The x,z frame 


is rotated from the r,@- frame by the angle I ; 


In x,z frame: 


A= Me Wo, R cost? sin 0% (244) 
Ave sauiitie’) V" cos % —— ¢ Y Oy 2W.. V cos ¥ 
ie % - R = tJ cos cos fas 


The forces to be considered are the gravitational forces and 


the drag force. 


B=--G i 
sp r 
=o Gp sin Y dls + cos an 1) (2-5) 
and drag: 
F = - : I, (2-6) 


Therefore the two dimensional equations of motion in the x,z plane 


are: 
V+ (G.., Z Was R acne  ) sin oy + 7 =O (x force) 
(227) 
j 2 
Va - ——_—* (G. a, R cose) cos & BS Wess cos ¥= 0 


(z force) 
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Now, in dimensionless form, normalizing with respect to R., V 


J’ gat’ 
Veat 
i 
J 
dv i e 2 : - 
art + & ~rn* cos ¥) sin y + Ny) = 0 (28) 
v a% v cos & + (K - rn cos’ ¥) cos & ~- 2vQcos Y=0 
aT r L 2 L 


ag 


In r, 9 coordinates: 


dv Vv 2 
a ay sin & a (aaa cos }) - 2v f.cos f = 
sl ae 5a D b r- p (249) 


VV 
dv, _$r a 
= + Np cos ow + 2v,Ocos 1 = 0 


These equations can also be written in terms of energy and 
angular momentum, rather than coordinate forces. Defining zero 
potential energy with respect to Jupiter's gravitational field as 


the energy at infinity, total energy will be negative. 


y2 
E(tot). ¢ p+—i (2-10) 
M sp 2 


In dimensionless form: 


Z 
= EXtot) = ae - 


a. 
ee 2a11 
Bet) my2 2 r ( ) 
sat 
; ak . 
Equating aT to power: 
qe Fes = 


where f = the sum of all external forces in mean surface g's of 
Jupiter (dimensionless). This means of expressing motion is best 


for instrumentation, because accelerometers mounted within the body 


Za. 


can then measure the aerodynamic forces. 


Ge =v. (the output of the accelerometer in the 1 
a is 16 
direction) + Vy (the output of the accelerometer in the 


1g direction). (2-13} 


If the body has aerodynamic stability, more useful information 
would come from body fixed axes. 
7 = vy (output of accelerometer parallel to V) 
x 
+ Vy (output of accelerometer normal to V) (2210)) 


The angular momentum of the vehicle about Jupiter provides the 


remaining energy expression needed. 


APR 
F 2PR Ig 
— P 
non-dimensionalizing: p=p5 7 
J sat 
=r (vg + rfcos ¥) (2-15) 


oe =r xf =r (accelerometer output in direction 1g) (22816) 
If r can be measured by radar or integrated from other data, the 
equations of motion can be written in energy and angular momentum 


form: . 


= (N,) (vi+ rncos 4 cos 7) (energy) 


dp _. 21 
ar rN) cos vy, (angular momentum) (2-17) 
However, to utilize this system of instrumentation, the vertical 


will have to be known to provide the angle, I, es and to establish 


Ze 


the rp coord. system model. We note that it need not be an accurate 
vertical as would be necessary for inertial navigation, but only an 
approximation to the angle, v4 : This could be obtained from an 
"albedo tracker", or perhaps some other form of optical or magnetic 
device. 
Since refined measurements of forces are not needed, it is 
anticipated that the following data will be radioed back to Earth: 
D)) ae) 3h A drag load factor, Np » which is the output of a 
pendulously mounted accelerometer within the vehicle. 
2) The surface or internal temperature, or if the vehicle 
does not rotate, the stagnation point temperature. 
2.5 General Solutions for Ballistic Entry 
These solutions are all in non-dimensional parameters as 
defined in Appendix I.. They are based on Duncan's approximations 
to Chapman's Z function analysis. Limits to the validity of each 
equation are stated with the separ. 
The basic assumption in the ballistic entry is that op is 
constant. That is, the. drag specific forces are much greater than 
the gravitational forces. This assumption is valid for velocities 


above 25,000 ft/sec in the vicinity of Jupiter, and for 4 such that: 


My > 2.5 (2-118) 


For Jupiter, this'means an angle’ greater than approximately as ae 


k 


aT - V sin % (2-19) 
dor __dovdh _ _ , 
aT = dh at kvo sin o (2220) 


The non-dimensional drag load factor, Np» is defined as: 
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Cas 
_ ore D 2 , 
Ny =< Saar, Po Ry Ser (2520) 
Therefore, 
G25 
dv anat 1 /’ oR D 
os a o” 2k sing M a (2-22) 


Separating variables and integrating, we have velocity as a 


function of density ratio, and atmospheric and vehicle parameters: 


€.S 
la 2 = ; fae t ‘comes O;) (2223) 


Xy " X, = cot y In > = cot Y) eee h, ) (2-24) 


It has been assumed in the first chapter that: 


kh 


g=e (2-25) 


All these solutions for altitude, density, and velocity can be 
written in terms of each other, or in terms of dimensionless time, 
ale 


Density ratio as the independent variable: 


Bie . 
i) Gkic) = - Mok 6,8 sal (226) 
2) vio) =v, ¢ 2 singM “" “4 (2-27) 


Altitude as the independent variable: 


1) o(h) = e7*h (2225) 


Pet, , sen Sins 
2) v(h) = ve 2k singh? ee ) (228) 


b 


Velocity as the independent variable: 


2k sindgM ._;¥ 
iO (y= PR CS in? ie an (2-29) 
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> ane) a 3 singM 


Vv -kh 


Dimensionless time as the independent variable: 


YW oM: -~ 4. ¢ 


fok dD" 
-kv, sin y, |e ~ (3K sin 5,0) C- 1 














(2-31) 
= in F\.5 C= Fo ROS, gd, 
ale = oe nen! 
By ae): 
” caries e7Khy ) 
7" (T -T, kv, sin fe 2K mt 
Po R Cys n 
=k (h, - h) + Be ee) (gr th _ p= tkthy) 
n=. -2k sing a a 
(2-32) 
5 mes 0) 
_— PoRCpS 
~ - ey kv, singe 2k singM : 
= In epee in ©) +1] 4 +2 (~ In) 
ps nel ———y 
(2~33) 


The summation terms in the functions are the remaining terms from 
the series approximation to the exponentials, and may be dropped at 
the user's discretion. 

We note that the vehicle parameter, M/C,S, turns up in every 
equation, as well as the atmospheric parameter, PoR,/2k, and the 
entry angle ef - Specific solutions of He equations of motion for 
an entry into eee are presented in the: next chapter. These 


solutions will show the variation of the design parameters for 
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specific atmospheric parameters and entry angles. 
2.6 Solutions for Specific Force and Stagnation Temperature 
The two greatest problems in planetary entry are the high 
specific forces and heating encountered. 
The specific force for a lifting vehicle at high Mach is 


expressed in non-dimensional form as: 


G G25 142 
~ aa 2 FoR D t A 
iy = om Vv OM Oo p af (p) (2-34) 


This, in turn, can be expressed as a function of any other variable 
by using the equations in section 2.5. For example, as a function 


of velocity for a non-lifting body: 


fy) = gt vt OOP Ia + Be stall an | 
Vv. = 
G., 2M i PS ps A (2~35) 


This expression is in Earth “g's", and is valid when C. 220 


This function will have a maximum when: 


eas) = 0 


at 
thus 
dv ~*~. oe 
at 2 
and 
= Zs 
Vv . max. ) -607¥, (2236) 


This result is independent of vehicle parameters. The 
expression for maximum specific force depends on atmospheric 


and entry parameters only. 


2 
V: 
(607 2) sin vf (22377 


f (max) = Gy (max) = 
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The height at which this maximum N_ occurs, however, is a function 


D 
of the vehicle design parameter, M/C)S. 


There are several heating factors of interest, but the stag- 
nation point temperature will be the hottest to contend with. 
Also, the velocity at which the maximum stagnation point temperature 


is reached is independent of atmosphere and vehicle parameters. 


T_ = 1.392 x 10 * Capi ( vF)2/4 (vogr) 1/8 O (2-38) 
where “vehicle function" (VF) oft (2-39) 


and "heating function" is an atmospheric constant relating Jupiter 


to the Earth as follows: 


ratios of: 
a 1 \/4 
(u)2/2(g)3/2 (py 5/4 (Ky L/4 (pp 2/3 Se ee pil2 (2-40) 
OE 


The value of this heating function for Jupiter is about 64.2. This 
will be discussed more fully in the next chapter. 


The stagnation temperature as a function of velocity is: 


1/4 (2k_sinGM 6 4, ‘) 1/8 


P. ® Os 


, (v) = 1.392 x 10 * apy (VF) 


(2-41) 


This is a maximum when So (y° oT) =0 


dv a sin dé 
aT 


and v(T. max.) = 846 Me (2-2) 
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Use will be made of these factors, to show where maximum 
specific force and temperature are expected, in the velocity vs. 
altitude plots in the next chapter. 

Little has been said of the decaying orbital trajectory. 
Such an entry would require an extreme accuracy in guidance, 
beyond the scope of this simple probe. The escape from Earth 
and establishment of a reasonable transfer ellipse (2 yr 9 mo.) 
requires an ideal velocity potential of about 14.3 km/sec (ref 5). 
To establish a stable orbit about Jupiter at all wtll require an 
additional ideal yeeeer OL O27 km/sec. This would be taxing 
the present level of rocketry to its limit. A totally rocket 
braked soft landing would require 66 km/sec. more, and is out 
of the question. 

The equations for establishing a decaying orbit are out- 
lined in Duncan (ref 6). There is first the circularization 
phase during partial passes through the atmosphere; then the 
decay phase. These equations are non-linear, and have not been 
solved in closed form, However, machine solutions give a maximum 
Np for Jupiter of 40 Earth g's, and a stagnation point temperature 
of 2.7 times that for entry into Earth (ref 7). It appears that 
the unmanned entry is possible, but the establishment of the 
necessary low orbit is beyond the state of the art in guidance. 


We will therefore concentrate on the unguided ballistic entry. 
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CHAPTER 3 


BALLISTIC ENTRY INTO JUPITER 


3.1 Introduction 

This chapter deals with the specific entry profiles into 
Jupiter. Solutions to the equations presented in the second chapter 
are calculated for entry into the two model atmospheres. For each 
atmosphere, and for several entry angles and velocities, velocity 
profiles are calculated. These show a variation with the vehicle 
design parameter, M/C)S. 

Also developed here are specific force and heating profiles. 
The heating problem will be considered in two phases: 

1) Total heat absorption, Qre 


2) Maximum heating rate, Qnax ° 


Preliminary calculations have shown a range in the vehicle 
design parameter from 4 to 100 slugs/ft.“, and these values are 
included in the figures. Finally, with an eye toward instrumentation, 
specific force and stagnation heating rate plots against real time 
are generated. These vary with design parameter, atmosphere model, 
and entry conditions, and are the predictions upon which experi- 
mental atmospheric determination is suggested. 


3.¢ Velocity vs. Altitude 


The expression as developed in chapter two is calculated here: 
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we(h) = v.e » (3-1) 


The plots are made as a ratio of v/v; against altitude, H. There- 
fore, an entry from any initial velocity can be considered from 
these graphs. The initial conditions vary with the model atmos- 
phere as follows: 
1) Model a, Figures 5a, b, c 
a) a = 0082 slugs/ft.? 
b) k = ER. 
= 7615 


c) M/CpS = 4 to 100 slugs/ft.” 


d) 9) = -5°, -308, -60° 
e) h, = H/R, 
= ,003 (H. = 50q,000 105) 
2) Model b, Figures 4a, b, c 

a) ee = ,0009 slugs/ft.- 

by ak ="8840 

c) M/C)s = Lomo slitizey abe 

d) 0% = -5°, -30°, -60° 

e) h, = .002 (H, = 333,000 ft.) 

The values of dy were chosen as representative of the direct 
entry, and also the disturbed orbital entry. As previously tag 
stated, an economical use of mass ratio will only allow the 
Th = -5° case for disturbed orbital entry. These solutions are 
Valld to about .25 Vie Beyond this point, gravitational forces 
are significant, and changes in Cy and other parameters are 


apparent as Mach number falls below about ten. However, the 
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profiles cover the range in which heating and deceleration effects 
are greatest, and will therefore be useful. These solutions were 
compared to sample caftculations by machine from Chapman (ref 7), 
and agree closely with the more accurate solutions obtained there. 

The most significant finding here is that an extremely dense 
vehicle will be required to reach the cloud layer, if model "a" He 
accepted. Even at % = =oouy M/C)s must be 100 to arrive at the 
cloud layer while still in the entry phase. If we wish to ascertain 
the properties of this cloud deck, we must arrive there while there 
is still a clean cut response from either the heating rate or 
specific force measurements. This is easily accomplished in the 
model "b" atmosphere. 


3.3 wopecific Force 


The specific force in earth g's has been given in chapter two as: 


G R C_§ ’ 
f. (v) =o Po D ye (o- , 2k sin YM 


In >) (2-35) 
2M i" PROS yy 


This force is assumed to be all along the flight path over the 
portion of the trajectory where G is not considered. In addition, 
if we consider v, as entry velocity, and J; as negligible, the 
maximum specific force is independent of vehicle design. Thus the 
non-dimensional drag load factor is given by: 
ti 2 Vv 
Ni (v) = -—k sin ¥ A lb (3-2) 
D G Vv. 
al 
This load factor is a function of entry angle, entry velocity, 
and present velocity. Present velocity, as a function of height, is’ - 
also a function of vehicle design. The maximum load factor, however, 


is a function only of the atmosphere, entry angle, and entry velocity. 


one 


The entry velocity relative to the air mass is in turn a 
function of entry angle and planetary rotation. In the case of 
the Terrestrial planets, the rotation is negligible. But Jupiter's 
large radius and fast rotation period (9 hours, 50 minutes), make 
inclusion of rotation velocity necessary. Figure 6 shows a plot 
for both atmospheres of Np vs entry angle considering rotation for 
the direct entry. Jupiter's equator lies nearly in the ecliptic 
plane, and we assume a probe will remain in the ecliptic plane for 
minimum energy requirements. Therefore, a range of 180° in entry 
angle along the equator is covered, considering the preferred 
entry with the rotation, and the disastrous one against the rota- 
tion. The graph clearly shows the effect of the rotational 
velocity of 41,000 ft/sec. 

We note with some concern that for the usual entry, atmosphere 
b with the rotation, we can expect 100 earth g's per degree of 
entry angle! Specially constructed vacuum tubes can take about 
400 g's, Therefore we must limit the probe to 4° entry angle if 
we use a vacuum tube transmitter. This limit is too restrictive 
on the guidance system, and we will have to use solid state 
electronics capable of about 3000 g's for a 30-degree entry. 

Accelerometers are available to measure Ny upeteel0,000 gts 
(piezo-electric accelerometers). The accelerometer system and its 
two gimbal mount with four roller bearings will be designed for 
10,000 g's. We note for interest that for a .1 pound accelerometer, 
the outer gimbal bearings will be freight car type roller bearings 
with 50,000 pound capacity each. 


For a disturbed orbital entry, the maximum Ny expected is 
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shown in Figure 7. Here the entry angle is more easily controlled, 
and the entry velocity is lower. The expected N) is 40 g's per 
degree entry angle. Also, because of fuel limitations, a maximum 
entry angle of five to seven degrees is expected. The vehicle could 
then use vacuum tube electronics, and be designed for 250 g's. But 
all this relief comes at great expense when it is realized that the 
vehicle must first be put into a stable orbit about Jupiter. Also, 
we see from recent experience with the Discoverer satellite series, 
that firing a retro-rocket by remote control is largely tasueeederwn.. 
The variation in specific force with altitude was c&lculated, 
and plotted in Figure 8. This graph shows how the sovtiens design 
parameter controls the height for maximum Np). There are plots for 
the several entry angles used as examples for parabolic and orbital 
decay entries. This information can be used to determine the Ny 
vs time profile for the selected design. It represents dav/dt vs H, 
and therefore H vs time can be derived. It is rather too much work 
to derive this for every possible case, but it will be done for the 
design chosen in the next chapter. The specific force variation 
with time will be one of the transmitted outputs. 
Figure 9 is an illustration of the time profiles to be expected. 
All quantities are specified, and the results in N., H, and V are 
plotted. We see here that the entry phase is very short compared to 
an entry into Earth. The deceleration phase takes approximately 
three minutes for Earth, while it only lasts 15 seconds for Jupiter. 
This short time will aid us in the structural considerations for design. 
3.4 Heating 


The expected heat generation profiles will be calculated here. 
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The problem of handling the heat will be considered with the 
vehicle design. Most sources agree that for a ballistic entry, 
re-radiation of heat is insignificant. These people are thinking 
in terms of an Earth entry of about three minutes duration. For 
the Jupiter entry of 15 seconds duration, there will be even less 
chance of a radiative equilibrium. We will, therefore, only 
consider the convective terms in the heat flow equations as 
presented by Chapman and Duncan. 

This convective heat will occur almost entirely in the 
continuum flow regime. According to the Blasius boundary layer 
equation, the heat transfer through a laminar boundary layer is 
inversely proportional to the square root of the local Reynolds 
number based on the radius of curvature of the nose. Thus, for 
bodies in the same environment, the heat input rate per unit area 
and time will be inversely proportional to the square root of the 
radius curvature of the missile nose. 

In the ablative heat shield case, a sharp nosed body would 
soon be reduced to a blunt nosed body due to the smali amount of 
ablative material in the pointed portion of the missile. The 
primary reason for using a blunt body is to secure the high ¢) 
necessary for deceleration at high altitude. 

The stagnation point convective heat rate is given by the 


expression: 


‘ C | 
(). = Co) Ga ee G25) 


— af RC fo , GR ftomeee 


C atm is a function of the atmosphere, and is given as 18,000 for 





Earth, and works out to 1,590,000 for model b and 4,750,000 for 


3h 


model a. Compared to Earth, the heating rate will be 87 and 264 
times worse, respectively. 
In terms of our non-dimensional parameters, the heating rate: 


° C 
Q, = BE ()” (vy SE (3-4) 


MRC ft“-sec 

The exponents on density ratio and velocity ratio depend - 
the flow conditions in the boundary layer. This in turn depends on 
the Reynolds number. 

For laminar flow, where wp is proportional to T, then n = 1/2 
and m = or 

For turbulent flow, n = .8 and m = 2.2 (from Chapman). Figure 
10 is a plot of Reynolds number at maximum stagnation temperature 
velocity (.846 v.) for various M/C,S ratios. Chapman states that 
we can have high hopes of maintaining laminar flow in the boundary 
layer. But this plot shows that laminar flow can hardly be expected 
over much more than one foot of the Jupiter probe vehicle. If we 
assume the boundary layer will become turbulent at 6 or 7 million, 
a body of M/CpS = 10 at an entry angle of 30 degrees will have 
laminar flow for about one foot from its leading edge. However, 
if the body is blunt enough (e.80, like a Mercury Capsule) most of 
the heating will occur over the laminar flow regime. 

These extremely blunt bodies will suffer more from radiation 
heating from the hot gas to the vehicle, but the time of flight is 
so short we believe radiation will have little effect on the total 
heating problem. 


The maximum laminar heating rate is given by the expression: 


: Cat 1/2 3 
(Q. (max) ice (.605) (cd) (v, ) (3-5) 
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This is a function of M/C, S and entry conditions. The density 
ratio used is that for which v = .846 Vi. and is calculated from 
the graphs in Figures 4 and 5. Figure 11 is a plot of the maximum 
laminar stagnation point heating rate expected vs. the design 
parameter M/C)S. Also shown on this graph for comparison are the 
maximum allowable heating rates for Teflon and graphite ablative 
heat shields on a spherical vehicle (ref 8,9), This graph 
indicates at once that we will not be able to tolerate steep 
ballistic entries with our present ablative protection. This is 
one of the important constraints to be used in the next chapter. 

Figure 12 is an example of a heat rate vs. time plot for a 
particular entry configuration. The integral of plots such as 
these will give the total heat absorbed, and will determine the 
weight of ablative material to be used in the vehicle design. 
32.5 Summary 

We have now developed particular constraints for the Jupiter 
probe. The structural limitations under high specific force, and 
the heat dissipation problem will determine the upper limit of 
severity of the entry. Fortunately, human factors are not involved. 
The increase in guidance requirements, and mass ratio of the 
booster will determine the practical floor on the gentleness of 
the entry. In the next chapter, we shall see whether these 
constraints leave a channel of possibility for the Jupiter probe 
using present day hardware. 

The heating rates developed here are for a laminar boundary 
layer. The heating rates in a turbulent boundary layer, due to 


better convection, would be prohibitive. But we must not fool 
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ourselves into thinking the boundary layer will remain laminar very 
far aft of the nose. This requirement on boundary layer will present 
a further constraint. 

Stagnation point temperature, per se, has little relation to 
the entry profile when an ablative coating is used. The shietd 
quickly heats to the vaporization temperature, and remains constant 
while the heat is dissipated. This boiling off of the gaseous 
material further shields the vehicle itself from convective heat 
input. The vehicle skin will remain below the critical 2000°F 
temperature (for steel) as long as the coating lasts. This is due 
primarily to the poor heat conduction of the ablative coating. 

These considerations will influence the instrumentation of the probe. 

The problem of communication of the data back to Earth is not 
considered in this thesis. However, it should be recognized that an 
ionized shock layer may interfere with electromagnetic transmission 
at certain frequencies. The detail design of the antenna, and the 
selection of transmitting frequency, will have to include considera- 


tion of the degree of ionization in the atmosphere around the vehicle. 
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CHAPTER 4 


CONSTRAINTS ON VEHICLE DESIGN AND FEASIBILITY 


OF ATMOSPHERIC DETERMINATION 


4.1 Introduction 
At this point, we must examine the constraints imposed on the 
vehicle design by the forces and heating rates calculated in the 
previous chapters. We will then estimate the constraints due to 
the present limitations in guidance. The vehicle configuration 
Will be specified. Within the area of possibility for a success- 
ful entry, we will discuss the feasibility of atmospheric model 
determination. The conclusions and recommendations will follow. 
4.2 Heating Rate Constraints 
We have discovered that the only feasible means of heat 
dissipation will be an ablative shield. In view of this, and the 
short time duration of the heat input (2 to 10 seconds), the heating 
of the vehicle core should be acceptable. We can carry enough 
heat shield without a great payload penalty to handle even this 
large amount of heat. The vaporization of the material will not 
only carry away heat to the surrounding air, but will provide an 
insulating region of vaporized material to further shield the 


vehicle from heat convection. Despite the large heat inputs, the 
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materials used are poor conductors, and the interior should remain 
below its critical strength temperature (2000°F for steel). 

The material most generally used for this type shield is Teflon 
(a Dupont trademark for polyethoflourethylene). It is a plastic 
with strength at high temperatures, and is easily molded. Its heat 
capacity to vaporize is about 10,000 BIU/lb., and the maximum heat 
rate input is about 50,000 BIU /ft.“sec. (ref. 8). This limit keeps 
the material from boiling off so fast that it explodes. 

The best material for an ablative heat shield from the point of 
view of heat capacity is graphite. Graphite can dissipate about 
30,000 BIU/1bs., and at a rate of 150,000 BTU/ft.“sec. But there 
are many structural problems associated with the use of graphite 
that have not yet been solved. It is brittle, and hard to cast 
unless it is mixed with other more plastic compounds. But such a 
mixture ieees the heat capacity. Perhaps a mixture of Teflon and 
graphite may be successfully used. 

The heat rate input graph (Figure 11) shows the limits imposed 
by these materials ea the type of possible entry. The Teflon 
coated sphere of reasonable density (from 1 to 4 with respect to 
water) can only be used for the deflected orbital entry. If we 
allow a solution to the graphite structural problem, we can still 
only make a 20 degree direct entry. These are the rather stringent 
constraints imposed by the maximum allowable heat rates. 

4.3 Configuration 

Another glance at Figure 11 shows us that the lighter vehicles 

will allow a steeper trajectory than the heavy ones. Most of the 


missiles used today have a payload specific weight very close to 
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one (with respect to water). Figure 13 shows the variation in 
M/C,s with radius of curvature for a sphere. Figure 14 shows this 
information for a typical final booster stage, and Figure 15, for 
a project Mercury shaped capsule. A Ch of 1.0 is used for these 
shapes at hypersonic velocities. The Pioneer V probe has shown a 
deep space launching capability of about 100 pounds payload. The 
saturn booster is reported to have a 15,000 pound payload. These 
lines are also indicated on the configuration graphs. 

It is apparent that if we limit ourselves to 100 pounds, we 
can only attain M/C, of about 4 slugs/ft.*. This would be to our 
advantage for heat protection, but would not allow penetration to 
the vicinity of the cloud level during the entry phase. Using the 
Saturn booster, we can attain M/C)s on the order of 20 slugs /ft.* 
This would give us the desired profile in atmosphere model b. We 
would have to go to still greater weights to reach the clouds for 
atmosphere model a. 

We note that the project Mercury gapsule has the advantage of 
a larger radius of curvature for its ieee than the other 
typical shapes considered. This shape has been demonstrated to 
have aerodynamic stability at high Mach number, but a still flatter 
nose would probably lead to instability. In Figure 15 we have run 
the calculations to a density of 7. This would be a solid steel 
vehicle with a graphite heat shield, and would approximate the 
limit of density in vehicle design. 

In order to show variation of design to best advantage in 
terms of mission, entry angle, and M/C) S we must assume some 


basic limits. We assume that the Saturn booster is available, 
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and that a graphite heat shield can be used. We therefore let the 
weight equal 15,000 pounds. We allow average vehicle density to run 
from 7 to 0.3 with respect to water. We limit the vehicle size to 

a 10-foot diameter. 

Using these criteria, and satisfying the maximum heat rate 
constraint, we develop the plot in Figure 16. The variation of M/C)S 
with entry angle as a function of vehicle average density for the 
three shapes chosen is shown. The mission requirement is arbitrarily 
set as reaching the clouds with v = .25 Vs° From Figure 16, several 
facts are evident. 

1) With the very low M/C)S compatible with the present 100 
pound launch capability, the vehicle cannot hope to reach low 
altitudes during the entry phase. We must therefore wait for the 
Saturn booster. 

2) The coriital shaped vehicle has an advantage due to its 
larger radius of curvature for a given vehicle diameter. This 
vehicle can come fairly close to meeting the mission requirement. 

3) It would tax the imagination to conceive of a vehicle 
large enough to penetrate atmosphere model a to the cloud level. 
M/C)s would have to be 100 slugs/ft.“, and with a solid steel vehicle, 
the diameter would be 20 feet, and the weight would be 127,000 pounds. 
In addition, the ablative material would have to absorb 450,000 
BrU/ft.* sec. 

4} There will be a lower limit on the vehicle average density 
dictated by the specific force requirements. A detailed structural 
analysis is beyond the scope of this thesis. The specific force 


goes up practically linearly with entry angle if we enter in the 
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direction of planetary rotation, and figures to about 100 Earth 
g's per degree. We suggest that a reasomable structural limit for 
a design load factor of 3000 would produce an average vehicle 
density of two. 

5) It is evident from the figure that high M/CS alone does 
not guararitee a deep penetration. The heating rate constraint 
limits such dense vehicles to a low entry angle for parabolic 
entry velocity. 

6) The deflected orbital entry is virtually free from heating 
constraints. Any of these vehicles with an M/C,S of 100° can enter 
at more than 30° without overheating. But the deflected orbital 
entry is not that easily accomplished. We are limited by fuel 
carried in the vehicle to a deflection of 5 or 10 degrees. From 
oo 16, we must have a high M/C)S. At 5° deflection we must 
have 100 slugs/ft.* Only the rocket shaped vehicle can reach 
that high an M/CpS without exceeding the 15,000 pound weight limit. 

The configuration chosen as most likely to succeed is the 
Mercury capsule shape with an average density of two. The entry 
angle should be near 30°. The M/C)s is 11, the nose radius and 
vehicle diameter is 8.5 feet, and the weight is 15,000 pounds. 

A graphite heat shield is used, and the maximum heating rate will 
be 150,000 BIU/ft.“sec. The significant heating period is 2.4 
seconds, and by graphical integration the total heat absorbed is 
180,000 pru/ft.” of heat shield (Figure 12). This specifies the 
shield weight as 6 pounds /ft.” (Ref. 9), and makes total ablative 
material weight 1360 pounds, or about 9% of the vehicle weight. 


Other materials or cooling systems would require much greater 
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weight, and this 9% seems to be a practical low for the Jupiter entry 
vehicle. The interior will stay relatively cool as long as there 
is some of the ablative shield remaining. If we make the shield 
lighter, the structure would melt or lose strength as soon as the 
ablative material evaporates. The majority of the deceleration 
loads occur after the heating phase, and we must not allow the vehicle 
to become weakened early in the trajectory. 

The heating protection described here is for the model b 
atmosphere. From Figure 11 it is evident that only a 5° entry 
could possibly be tolerated in atmosphere a. Such an entry would not 
meet mission requirements, or guidance constraints. It is only 
practical, then, to design the vehicle for model b, and allow its 
failure in model a to be an indication of the atmosphere. 
4.4 Guidance Constraints 

it is difficult to say just how good our present guidance 
systems are. The Pioneer V probe to the orbit of Venus was judged 
to have performed perfectly. Yet it is short of its goal by several 
thousand miles due to a booster burning time uncertainty of less than 
one second; It seems clear, then, for a precision injection at any 
controlled angle into Jupiter, we must have mid-course and terminal 
guidance. Such a system, furthermore, must operate automatically 
without signals from Earth. It must take its measurements in the 
vicinity of Jupiter from the fields of Jupiter (optical, magnetic, 
or electric). It would probably carry a model inertial reference 
frame (stable platform with gyros), which would be corrected for 
drift periodically by star trackers during its 2 year 9 month journey. 


This system does not exist today, as far as the unclassified 
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literature is concerned. If it did, it would have been used in the 
Pioneer V probe to Venus. Such developments may reasonably be 
expected in the next ten years, however, The consensus at this 
Institute is that with our present launch guidance we would be 
lucky to hit Jupiter at all. The Keplerian trajectory and ballistic 
entry make no provision for corrections to launch errors, and 
certainly we could not expect a precise injection angle, much less 

a stable orbit about Jupiter. 

It might be interesting to consider the statistical chances 
of attaining a 30° or less injection in the direction of planetary 
rotation, assuming we can attain a parabolic contact with the 
planet. This would be an academic study at best, for we must not 
expect the United States to expend this awful amount of money 
without a good probability for success. I1t seems we are con- 
strained to wait for a system including terminal guidance. 

4.5 Feasibility of Atmospheric Determination 

For this discussion, we shall assume we can make the 30° 
entry with the vehicle selected under section 4.3. What informa- 
tionshould we instrument and radio back to Earth? 

An examination of Figure 6 indicates that there is considerable 
difference in the maximum specific force expected in the two 
atmospheres. Model a will present an Ny (max) 247% lower than 
model b. This difference is quite sensitive to entry angle, how- 
ever, and an error of 10° in entry angle will also equal 24% of 


N We must therefore include instrumentation to measure the 


p* 
entry angle. Even if this angle cannot be controlled, the model 


atmosphere can be ascertained if the angle and its degree of 
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certainty are known. The maximum specific force is a definite 
quantity not dependent on the vehicle configuration, and therefore 
not subject to uncertainties such as Cp: or effective drag area 
(which may be considerably larger than the cross sectional area of 
a vehicle in an ionized gas). This force is a function solely 
determined by the entry parameters (which we have assumed are 
successfully controlled), and the atmospheric parameter, k, to be 
determined. 

The skin temperature or its derivative appear to hold atmospheric 
information for us also. Figure 10 shows that the Reynolds numbers 
for the two models are nearly identical. However, the heating 
profiles are quite different. The higher cloud level pressure and 
density of model a account for the higher heating rates (Figure 11). 
Unfortunately, a temperature would be difficult to instrument in a 
vehicle incorporating an ablative heat shield. The heating is wholly 
transient, and in the short effective heating period, no equilti- 
brium temperatures are reached. Further, the temperature or heating 
rate are quite sensitive to uncertainties such as Cy» 5S, Prandtl 
number and viscosity. To use heating as a determinant, these 
instrumentation difficulties and uncertainties would have to be 
overcome. 

A very useful determinant would be altitude, and its measure- 
ment by radar would also provide the entry angle ve needed for Np 
determination. The height at which maximum Np occurs varies 
considerably with the atmospheric parameter (Figure 8). The clouds 
of Jupiter are expected to be ammonia cirrus (solid crystals), and 


would give a good radar echo to the proper frequency emission. The 
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radar could be made to track minimum range, and the dish angle 
would then be the flight path angle. 

There would be difficulties with the radar, of course. The 
tracking mechanism would have to be perfectly balanced and very 
rugged to endure 3000 g's. The electronics would have to be all 
solid state. There may be interference, as with the radio trans- 
mission, from the ionized shock layer. But these problems are not 
insurmountable, and should require no more development time than 
the guidance system required. 

Even without the radar, specific force measurements would be 
indicative of the atmosphere to the degree of uncertainty of the 
entry angle. 

4.6 Conclusions and Recommendations 

The major problem appears to be control of the entry angle. 
Atmospheric determination can be made if the entry is successful, 
and if the entry angle is known within about five degrees. To 
make a successful entry, the entry angle must be controlled to 
30° or less. 

The mission is stymied at present by the lack of a mid- 
course and terminal guidance system that would provide this 
accuracy in entry angle. Such a system is probably under develop- 
ment at this time. It need not be stressed for the high load 
factors encountered during the entry phase. It would be sufficient 
to control the entry angle prior to the onset of the specific forces. 

If this controlled entry angle were reliable, the only 
instrumentation needed in the entry vehicle would be a pendulously 


mounted piezo-electric accelerometer. A potted electronics 
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transmitter could be built to broadcast the load factor thus 
measured. If the controlled entry were not reliable to within 
five degrees, a device would be needed in the probe to measure the 
actual angle. If radar is developed for this measurement, it can 
also supply the vehicle height above the clouds. This height can 
be used as a cross check in atmospheric determination. 

The vehicle itself will have to be large. In the Mercury 
capsule configuration’ the vehicle could reach nearly to the cloud 
level at a weight of 15,000 pounds. This will require the Saturn 
booster for launch and a graphite heat shield -- both under develop- 
ment at this time. The present deep space launch capability of 100 
pounds will not be adequate for the Jupiter probe. A Teflon heat 
shield does ‘not have enough heat rate capacity for the direct entry, 
but would do for the deflected orbital entry. 

The decaying orbital and deflected orbital entries are still 
farther into the future with respect to guidance. 

The primary purpose of the mission is to determine the molecular 
weight of Jupiter's atmosphere. It has been shown that this can 
be done with a large, but simple, entry vehicle. But the entry 
vehicle must be delivered to the entry point by a much more sophis- 
ticated navigational vehicle. This delivery is beyond the present 
state of the art of guidance. 

We suggest for further study the following points: 

1) The detailed structural design of the vehicle to withstand 
the high load factors encountered; 

2) The degree of ionization in the shock layer, and its effect 


on electro-magnetic transmission; 
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3) The chemical effect of the heat and the reducing atmos- 
phere on the ablating material; 

4) The probability of achieving a 30° or less entry angle 
with pregent day launch guidance only. 

We believe the guidance, booster, and graphite heat shield 


problems are currently under consideration. 
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A. Subscripts 
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B. Symbols 
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APPENDIX I 


NOTATION AND SYMBOLS 


Components along the ae 14 ly axes. 
Initial value of the quantity. 
Measured with respect to inertial coordinates. 
The quantity for Jupiter. 
The quantity for Earth. 
Refers to ballistic entry. 
Refers to stagnation area. 
Acceleration vector of entry vehicle, ft/sec”. 
Dimensional constant for the planetary atmosphere. 
Drag coefficient. ead —" see”) 
Heat capacity at constant pressure. 
Heat capacity at constant volume. 
Drag force (lb.). 
Energy (ft-lb). 
Dimensionless energy = neue 
mye 
sat 


Specific force (ft/sec.*) 


Dimensionless specific force in surface g's of 


the planet. f= if 


Gravitational field intensity (feieee) 


Planet's gravity field (ft /sec”) 


Altitude of vehicle above planetary reference level (ft). 


rad 


<I 


Dimensionless altitude = 


roe 


Exponential decay parameter of planetary atmosphere 


(et7+), 


Vehicle surface radiation emissivity. 


Dimensionless decay parameter of planetary 
atmosphere = KR 

Mass of vehicle (slugs) 

Mass of planet (Jupiter, in this case) 


Dimensionless drag load factor = - 


Angular momentum per unit mass of the vehicle 


P 
Dimensionless angular momentum = 
aor e AE 


Prandtl number 

Total convective heat absorbed per unit area. 
2) 

Radius of curvature of vehicle nose (ft). 
Universal gas constant = 8.31 x 10? ergs/°K 
Radius vector from planet center to vehicle 


: : R 
Dimensionless radius vector = Rr 


J 
Reynolds number = V_iength 


LL 


Reference area of entry vehicle used in drag 
computations (ft*). 

Temperature (°K). 

Real time (sec). 

Velocity vector of a vehicle with respect to 


coordinates rotating with a planet. 
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Vv 
- 


x 


Z 


Dimensionless velocity = - 





sat 


Circular orbital velocity at planet surface = 4 GR 


Distance flown measured at surface of planet 


Vv cos wb sin % 


a 


Chapman's transformation variable = 


C. Greek Symbols 


x 
Vy 
i 


Ratio of specific heats c,/C.. 

Ballistic entry angle 

Dry adiabatic lapse rate (°K/km) 

Coefficient of viscosity of the planet's atmosphere 
(slugs /ft-sec) 

Free stream atmospheric density (slugs/ft?) 
oo level atmospheric density 


Density ratio /? [P, 


Summation of quantities in parenthesis 


‘ 
Dimensionless time = a t 





Angle measured in plane of trajectory from a 
reference point in the direction of motion 

Angle of inclination of the trajectory plane with 
the planet's equatorial plane. 

Dimensionless angular velocity of the planet about 


its polar axis 


R 
Q = ws @ for Jupiter 
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Xj initial range angle 
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FIGURE 3 ENTRY COORDINATE SYSTEMS 





Le eee eee Tee ier 
SEE TSO MES ERATE 


SF 180 SESS RB8R0 SOEGCe. USE IBSe8 GESe000o8S SCOR SSSCcCsEsreseEn OBE STRGR LT SPARRO 
CEE é ui Hl Talla DE USE CSP ed CBORD OBOOR.X 1BURSRORBAes' PESS8eR 2h Besa BEBOR DOG 0Snea8 0 BRGSURESSERSEESHRE © £45 DSSS R OSU ESAS 
JOO 86 00 28 Bee eos FOS REO FOR BOSS Oo SSSR Se SO SERS RO OSE EEO E OED <.o SERS BESS G O88) oO eee eo BR. é-~" ABU PSR 
SOOCDED i G@G000 000 Glo. AS BOO DOOD OCS BE BEES OOD GSOSES BORE GEESE OSE. 0S BO SESE ObS Oe so Re Soe 8 See SSeS : Ae TE Ee eee eee 
SUO0D0 8h )DOESC0E SBE00CNRCES CSS COOSEE B0SGEO0 08> IOS De 0S 800 BSS SE SESE 0. Se SEO Ee CO OeeeEO Sh Ee CEES Eee Oeesee = FE BRR eee 
BRCSES 00s JDESEOSES0ER 00 “TSE S0 POSES POSSE ST ASE OS EES FES PESSE OSE SE Sk WER Cees Wwe ae a ee Ce HE SeRP Swi 

ae 





SBE 2 eS OC FRESE OSM O RRR ROs Bee Teo ee Oe BES | EO Re Ses OS ESE SEO SSSeeRE BLASS) SSRORE EF _ SCLSeReSeES {Ven eee eee 
QOSG6C~ askIOCSOR ERB SESS ER 0 GB SOo bh} VERE GSBEbe0 BO0CE FB080800.) GES GF BERS SESE SEO ON OEE BORSA USE 6 CUBES es Bee Oe eee eee 
SOBRE Ca 7 IB SOso Ce se SESS Si SSB OS Fh VOR OSS ONS DOE POSSE BReo: yo te GUSBHEBEEDL A HEBER OOSRO. COO ee O ees oe 


a 
OOGSEE BB 8 BOSSES 8E I Sea ESSE aS eSHUB eC BBSSeSESRe0ea0R8RN S@euco SSoccemE: ‘BE SUG BBE Re Shee (:) SERS 
ESE DHBHE RRS eee NBeneBa tt DE DES COS EEE SES SEBO RS Os I SE eS BO eSB Rs SAS 0. SRS ee SSeS s PSSOAVOOSs COS St epg GESS0eou885 
a {EE SUBS eeaRE FERRO FO. Fe COS SIT SRR EA PSS OAR RE SAPD CREE eR OSES POOR ECAR. 18 Pee eRe Basso) Vee 
a Ne eS ee eS eee ——— 


O82 SE SER 88 SS800 SRRREREOC BEE SES OE BOR2O OBR GRO ESSE CSREES OWS BCE es Ewe ae sanees~< 

OOeGaH oe OU SOO RES OE SBS Snu 28 SSS S880 SESE SESE BOORCLEEBE ODL EEO OSES Eee eas Vase oes EBEGHGEE | EEOSSH=2 
BON CoO8TLaL as 6000108 + SeORREE GES BAO NOR SEBS SES UE CSE PER ESSO SUES PASSE BSSS0 CVARBESECh VES C eee Seesaw. ESR neSenee GBGBU0. 205 EBEUaa =eaeens 
= Se ee G0000 £0 3 Ob GES SR SSB OS0L To OCSS ERS DSARS BE OPO AC\ CEE BEERS POSXE BE DOCS OMI BS SSSR Be SSeS. AO Bee eee. ee ane 
SEGERLE GPC UPSSSSPSSSOSes (FLOM RRS VERSES SA! SE SPRL Ors PSO e_. Tees See ee ee ee ee BRRRSBRE0S 
Fak Wal | FSALAROERS SESS8S5 Ls DOSS EeE CCR SE SSe OSS UES SERRA SES GeSE OOD. bE OS OE OORT £ BS BE COC ORS. SE PERE SBS OE BREESE Sen Bees" 

BOO OPS LIOR PO UCEEE DSO -I 88 S80 8S POO oRS00 BERR E GO8E) 1SS800 FS SE BOSSE SE ORE 2AS0 A CeSSs SRSSl OSE OSS eee. eB Bees eee 

—_ ~aas OOOSGSOB000 0800 ss ESE Bisco SRSShe ees eee Sy set BEBE0 Se SSR00S52 Waaee aE ff ae | 








my NEE PERCE EEE et 


Gt BEC CeCeees 
PEE EEE Eee SHERS4000RH Oo WEE.\28 BO eee 
SU B08 SESS SRSE8 Sees Nese SEE eee CE EEE EEE EES 
Bese woe BREEN SEE EEN Ee — fh - 
HH BSCE ESEEE. SSGG GaSe oe. 
RS ESR0 £0 G0 COBO GSSOURS SSS DBRS RSSU NURSE St CORSO = CEEDOR BEI aes eee eee " er Gus 
SU SBEEOS LSU0 Gd RGEEs Ae OS OSSD TOSS] SSeS BRNO Re SEI TS). Be 0 ee ee 
BEBIC GH > COBBORT DRUSHOSCERO BG Bee SPOS OCU De BORO HeP ORS OS OReEE VOSEeaes i oN + tee] 
BESCOGHh: DOSESS0 SES CUCSERBEA Sse Se S888C. COCEBBSOUUE . SERESS DE OSDSV OEE AOE ee ee 8 eee Boeesaeo 
BEDSUEN. 0000000 0880 OOGD eB JR EB EEG DEG Oh ane OO EINAsee ae - | EEE 
SESGU SeaaUSasaw sh Ces sesdosrbs suse asceneai erasen (> Sus cecce=snasecCasceenssssdees 
GRQSEEPEGSS SSUES RGLSSHOC Ces IE ORRREES? 10) 1B SSE BSR oUEAUSY — JOBE eeeh eee kee is eee oe wu BeMee Pawo 
BSE SSSGSRE2 BSE 0 0RSSBE880 080 0k Neca +e HE Ay (0%. “NO BES OOCes SEO Reh es OEe ee ee eeeaesA Sa San 











BRBESBEr, GEBRSSRRASS PULSE aeRAi 0 “ /30 COBGSE BBE YW BESO E EDO DPSS ma pe et DWOSE BRBSE GBSERASRSOD\ OCABASERH 
GSBOSBHROE SSa8000E2880 | acm + eee DOGS ESGESE5.{ 08800 2 8000 SRRSE FEUER PESO O. CLOSE ee OO POSE S98OS Aes eee 
OB. ‘J 5 C0000 REE £. OER REDE OE FLOR G BEES Bees es Ie 
8 2.3 GES 0S SES SH ye eo DOSES SHURE S#2E RSE: 8 





ERR Reeoee 
ame Tick tt 
=unet 





SGs _ SuvareuneSSSGS000000 0000050 000000000S00000000 000000000 00000 000000 S0G00 SEG0 SUGG08 0 200080 0e5000 000800 e00 SeeeeeseteSeGeeaeeGs 2oSGeeceoeoeeen eee 


cloud level 


‘100 ,000 
H (ft) 
000 


© 
© 
© 
© 
in) 
ae 


i bloud level 


= ‘ 
<< - Ce a a i r 
5 + \ ‘hb ‘ >) es aaa wee, zal 
a, oe erm te fe <j : , 
aaa a eee SERB SSEMIS | —— 
‘ SSS Oe eee : 
. epigeeer fim — 


ee eee 


“SR 





56 


oo To 7 i 
HEH a AME SS w 


ce aa a CHE 


a Ee 


150 ,000 












ct if tf A Fit i 
Ha genaans HEE HE Hy a IE 


eo 




















FREER aage 
ee ee 
te ttat eae eet tt (See (CHEE 
FEU Tengen FEES TE HE aH SHE PEELE 
PEE EEE ea ee eee EE - 50 ,000 


HEHE Soaetaniey (eau sate 
FH TEETH HEE i i dit Ce EE Sec eeseaeeauter (etae/oattt 





ee + ay Ha . eel AD a i 
ae F ae a eG a Te 1a, aoe pratt 


ee a 


i. ii a TA uit 

i =. 

EU Ee Ee ET a uu A a ee ee 
as 


1 il — ii loud eve 


23 : mA 
, 











a7 


tops 


wm, 
© a ‘oo © Oo 
© S94 © © © 
© a © © © | 
cee) ce’ nn a 5 
So x R S R = 
Lak ee oT rg ee eee wee ee a SRO on eS Se Se ews Phe Be JUDIE ie Be ee eee ee BeaDaeee. 2m: 3 














Hew SEG OR SE TRNAS SEBEAL « RESRRRRS TAR eee ee Leelee eee, GEVc See Seeea 
SO? a Sa ON yp fT | N ES RESETS ISR Se se0 0 COU SEEDER SE BRAS SORES CARS Dees GQUDEE ERS gd @SGERu Se RRs 
RRS SENSBeeaesS atone BOSEOESESC ISSA NS SOD OOD o Bee ee EE Dee aE SOR DESO SESs.1 OES Bee Sees S3ens 
GREARRSRIADSALABARET APES Sas Oe Ih IEE OOo RSS Be OSS SE SaRSSROP DE soees OSS 28 Den Be TAasSrs re) 
OF EDIRSRED FE URSE BR Se RS WSR TLE eo SE GE SS PRS See Sef. CSREES ES BOIS i UBER Soe OU bel Be BOLO GeEDLISLIeeSsaeBe DBE2G8 SSS SRRes eww 
TFSLOGSRUR DOB BSE BSD OSS SESS BU SSO Chose OM s « 'ESRERRERE BSGREE Ss BS VRB RASS BLE. OOO LE DAOC OE ERO Dea SASS ARP ese se JESSE ee ae BSSERRsEBr @ 
CaBo CVARES PESOS DLA PACA ODO NADA Sew ee, We Bee) BERBER ALTAR -2o PDA UES CBSE AS Fee eo DaGeaSeesaee GRRE PSR aes 
PRED OSES ER OeR RST ORAL BROS ASA SHAPES ISM «IDSea BE CALS LER ESs SRO SD AROS wT UO Bes) OO eo Dee Oe BOS DOCS BSS. OF {ARSE geese 
SE POR IES BS eRe PSRs LSTA SRBaR EGRET SS CRASHER ®. ORES BART TEs DSO CARERO RS SOC RE SE SOO Cee AaACY MILER DEAE SES BARRE eS 
Git FJHSEIAGES APSE S SOD ASSL IBOOLL SRA } + WOOO. RERHSSa Pea SESE DARA VEE SEAS Wu. He Cl CODD SOSEERS Dee eOReRNawe Been)’ eee DDS DS Eee es @ aeeSaRERE 
Ca RST ZAR BPE LEA AAS Sa DEAL : SER Ro BRGReSEs BS BREED SSL) 0 ORS SARS. Nee WSO BOE DOORS BPAOCR SES DECORA LN ROR SRBERE RAR ERASERS 
FEGER AGED DESERTS BBE, CUBDER DEERE IMaCaoed UGG LRISEIARUN ESSE PERE RAR DADLA LADS \. JIDRALTOIGE CROSSE GHP SS OTERO Eee Jee POSER ARERR 
SHE ESSE ST DERE OL Des SAOOV ECOL Ve DERE SSRSa OSB ES PAAR SS CARLIE SSP 1s {0ewee Seees See eSeneen sees HOSS ABSSUSe sees Rese P PEE Gee Be Ses 
CRB SOE Pee BeOS BISA TSS SOS EL Hi DEE GEE RSSSS CSE TEASE SEE BERS © ee ee oes Tae. oeeeeo HORS ERM TOO aBE f DO GRAS OE Re Sees ea 
(2NER BSR ESE BSC kes oe BLUBD SSH URASE GARRET) SURE US TWS SAA 1S GSE BS = .2 i. 1 SRO Ce DOSS STS BE on A SAOASEE DS SPAR CREE Bees wee 
(TERS EE OLS PRBS SUES DIARRA SRwAoO wy » ARR AE CARRE BE SRSA REEA BASE PAD PEBEER Rye L. Sees SRibVEe ESGeGe Gl SEESSaRr.. a [ee eee lpg tT TT ity ® 
fae eg fs ef a a a fe] a a a po | ef ag aa EBU SHEER IUDERISSALGT 1 RESET PaO VENt OL VUOeR Oe LVaweSPe SCRA DED_ -TORRS LES SAR LASAR EAR BREE Eee 
HiGSE SE ERE RRENT ODER URS OBAMAS CRESS BESTS Ed RSS ON US PSR Se CaSO SOA OOS IOS PSS GHOULS Sel JEST OCe RAGS E ARR Ree 
QeEDS OE BESS Be TESS OSs eSee BOR ICTs i DESSERT BTEER PERE. AERA WERL ees I VOOR USS Eeees Se Ge ReReS 2108 GRO RRS DEBE DSLESES Beek e ees 
{ERR Ses DSeRe Eee ODS eee Ef Sees eso, HEISE SHARIR DEE BPE OOOURE PERSEBBARIATUSUE 2 680 022 COCO SOOO SE SEN 8 OF DOSE IDE ED GSES ESE OSE SER eee 
PSRRE DRREE DASE RESOLD BeDSSSSBeLaceaAnn UE CEE BLAS GUE PASAT aOR ERE BIBSBSLLsoe SESERT DEBS OBESE ee Rese. OG CeO EG2RBGREER SAE G8 BA eee Se AED 
THN LESS ARE RAS ORE OBSTET SSRN eee AO Cee Las BO REID LORE Sa RON CRESO TSS 0G Oo BOSOM BOSSE eRe BOAO oO Oe PSE DORR eRe eRe 
IB SBRSUORER SROROESAOCOSREeSaeeRsseo BRED COLASSSe2a we TSR Bet SS DoD EE BORD ASSeE CPL 8 :  BOSSSOSTAEE SOBRMOonBes nag Penegas 
23S 20RE OSS ER DDS Pea! CMTC RAESST. Wenn SE GS OE BORO Oa Oe SUE O as OwSS TEESE Seo BE eee Se \O 
(PSS Rew Ve eee PA eeerh ee — RESET BSSe FESSET A CLP REWSE STO. we OO BRO OCR BOLO PASO RRS SARs cee BE BSS eORDEE ARS ees 


TAGELSa ewes RSSEDESSEDGoC” sccodekeecsneee i bes JUGS RESUS SSCL 1 SERRE AAS B.SRS EO SES SAC) co a BSE VOOR ES BRS ERR SSE D2 DAA AO, Oe OR eRe eee RSE eee @ 
SUS BR GRAE Cee bee eeOlUSER aS a€oseeeolo 1G ad BOGS BCR ESR DER OR ASERSSES GOSUOD 3 COO OOSSL IOS BO ODOR SRE SESE RGR BGS) IL .BES CER E Ree Re RE SRR Eee 
(28 SER. (Ee Bee ae ALARRSED Chea « mB EDGE PADRE RACH VAD SLORER CSRS LRAROTE 7 De COVE DORE BO OB ISe Dee Ase eeEl.- al eh e RP ASO Re DAR eee 
00M BS RE BBA Re DADORSH ERS SCS ES s” aD RSS RARE SSSA tI RARBERS CVA BERRA BASES (5 HOODCSRAM CORA BERENS SAR OREaELVa QUO S80 280 GE SE DEE REOSe BeaBS 





IG TAY DCEO CLOSE SOSRE CAGES 20 Lea In ~wISSE ARREARS LOoTeESsaas pL BSRDADS * OS DOBOOUGGiNCo GAOSHL OUTED EE SES OCEes 200 PEC RES DER Ree aaRe eee 
ee ES 84 ee Re Sh POOR SOLO SESSD 0 RRS BO OoORN eeaeeo. BERESO38.1TIDRROO OOO OG OOSSS WE GFE DAS BONG DSSS EE ASS See eee eee eee LN 
fee a BS. IGS SRBE SRSA STE eT sewa Ff oO | a a BOVAO es tO DOO BOO AU OUD 4A LO DSO 8D CBSE BAO OS BE PR EES Oe SS eee wees 





SOR n fae es BAGS DASCOSSERE ASOORasSes Pott DOSEGESSGCS3ER5745 TR 00 O60 Do OOS SDSS ee SSE oO Eee eee Be Eee eee ) 








{18] 1 BLL. 5 DESPRE SESE ABS SHOS8SE SaR0C Sas I BERR DEDEDE SERS GUO BH ee SO OOUDRA DS GOOG LO OE GOR SEE 198022) SEE G8 BEG RE Be Bee SPE Bee eee Ee ReE PASSER 
(0 — S80ES OF S80 SERRE BES0R BES25 S220 20088 GBUS5 PRONE SEERA GEOG S00 BS RoCoOOCaUOR BOOe Es iC CORSE SONS HY = SR TOG OE DEES GHs PERS Bee De ORR Re SER eae 
(e- (RT 11 BRASS e ED BRESRLAS RUARSADAASae i TD EBS eS POSS PE AD, CARSE SAAT WSSPRAeD eo BOS) SRO ODO SOE CUEE GALES HOS SESS e Ree eSSe bee 
EO -= 8) — BEB REDBEDES BARRA ADDL SRLALTOSSEe ~ ZOE SESS CBORE CENA CEASE PH OUSG8 U0 SCC8O UE 30 CODED — Od BA DT SEES G AASSS DOGSE CURE BOG GRG GSES See 


ina 
IE» GPSRRES SDEROSSEE BUSES OR SECS ease CMSs CURRED PSERARET OI VSL ARASH. | SCURIOL*. . IDASSET SSRs OVSAA SOSSt TRS RCVOSE AOS SESE Be BON Be Bee Bee 


ies BRR Gee DOS BARA GROSS DRRRA ESAS ARE CSRS A ABS AOD TIS CAPSS GUSH BB CCUG ROS OOS SS Sh LSGEAROOOSE PRA RO BARRE ESOS PSE EE SRE RR 


PIETER CRBS SS eeE REE E OSS SR ONO PTR FRR SSS Ce RE OTS SSSR ASN SSUA EO CORE Me 1 SSR TRE SeBAE) GAB IGeC, SES Fee Ree ee es ees se ~t 
(ZED; 3B. 0 See E Seles SERRE SLU20 DeOUSsaeaae <j TEBS DEGRA EESES SSE ERURA Pee a7 BOBO Ge] 8e Paes eoh aes GUOCEEeGLORO 0G BASE RERE TE DREes BRE SSeeeee 6 
"La — OOS 08 SOCRESSSESF OSH USE BEE Ses BE SE OO ee SEE Se eE ee Se eee 


0G El = 15 ODS SEDER DVLA PPP SEOROBSERE SUS «_ IGE PASSE RPESA SRSA ao : R 
BEE [CU 98,2 8 OB OR CRORE OSS ER SAREE RES PPADS ~CODBS DRA RRGSA ANDAR AGASAAAT ONCSo Ce ODO OE SO OU SE PO SOCMDERE’ DY ZU SRS Le See SERRA Pe eee RE Sees 








20-38" «DOD SOE ESSERE «AOL SSlo BEES feCkes seo DER BERBER EEESS SR ARTLASOUSSTeUo EOD OD. 39 PROTA IOSSEE BOO LFE8 BU Coe PSOE L ee SESeeRR AAS Se Rees eee 
12 =— LT EE ee SBROBR CHRSSR BAOCaEBE i; =SEBDRD RRR RORRAES GARRARD RR! COR OOS Oe Se sesh eeeeonsee ee enn OB Seb neeeegeeans 
SDC EL 18 BES ESS Be BOO SAE CRRA ASAL G8 035 GERES BD So SESS RRP Ss SASSY TRE 8 DOSS ee BHD SSSR Eee See hee sew DOCCROORT ECE SOLSSeessawass ‘ony 
B S228 BRSSS £ ADEA RSSa Cl SSSR Doe Bee & DOUBT SSBeD DADO OLUGREEERU ESI 1°) Teh 0 eOl OOCRE BOUAE DBRT SE RE ORO ODt BESSE RO RAOE CRE RE DER ERE RER ES Be ese 
THE 4 —I8 EE SES CUES ESOL SE SSeE CORB RaAaBo CEBUE APSR RSA 8 CER BAERASE VERREL ZS BOUDD TN OVUOGO S2 OSH DESEO RD ASER GEC TlESE OR OS SWEs SARA ES DOSER eRe eee ® 
a) BD 2 8 B88 BOS BOAO CORAE SUAS BRS 1- ppt pep tt LP (OCOD OURLOO GE SBS DGD SS8S FOP TE f SS GONG ODE PARSE PARAS EASES Bee 
193 © BELA GARG PAPEETE DSLS5 1S FLD STAR OFAASL Soot Al{GURS CRERAAAA SSAA) AbSaGUL BCS WBE VES OLE SS EOL Se TER OREO OEE BESO GEE BAS CER eR EEE aE BARRA 


Fa DO. BED BSS BORD DOSES COARSE DNONS GARE OSU WORSE SARRARRSTO DONOHOE aARSon TUMORS) J SOU CSRBEOC OSH GBeSG0C OU SSS CLP RD DS RORS RSA BESS Se CRORE RRR 





SaGc2. Gt ARE: Po ta ef pa one Pe bn O@ 10 PRSSRSERaD RSSSUSS0000 00000 SE ee SOR EeGee eh See OOODE GREED eR FON BEES eee 
Fs sc ae reste cn eunes Sees ceces urnerseees suund sages puud geese ceasy ieee sean nesss seus nersgeesy scstgescerannssseangastarsaspueetareneeeesseraeeerssser Ap 








> IBSOL SEBOER OUST SSBB ERE SO BOE ERODOCOGSESE BEEG CRO RO CORSO RASOS CHOSOBDORN oe DOOBODDSDOOROOCUCU SSO COSDAOOCOOCUSEOD EOD ONE SOURCE SEES EEE BERS RS OBOE BERR eRe Es Bee 
CEL... ABS eeeeee DBS SSG E SSRERSOOCHOGRLT SSHO ~OBERE SRUDCEEBNS GBRRAD AAA ATUCAOREDOSERSRA EOFS? ODDBOOSO 00 CODD Ce SSR eC SHEA BORGER ES BEARER eee 
2h as BOE OS SST DS SO TSS SOSOOUCTOSGSS HHO BI SSH «<CSUE SSP SSARS RARAADDDCT AHDSASAIDDS OSROCRO: Fe ODOOCSEDLODOSOD VASES GS SRR SR i DOSS ESSE EE GOR BE REDE Ree 
Sen Py Sanne susan sees Sanus suse sence eaecesonus sdenccseanscses seaneeseessesessesessaeescasesdeuee gence seseesseeescaeeseeqessees cece sees sence eteeceee: 
fa . SE BOGGS SER ASOR ASE SSA SRROUGHOOEAOSEC COEBH ACRE PRURR POSER QSPRS CODREOSEDE OREGON E20 80 DOUCOSEE BO OSEBERE BR OAOOCOUCR ESR EE EES EERE eee eRe Rees eee Ree 
Sy 6 








GBH BGHSH KUeG0REBaisea GEOR CUOBBDOEERSA SOR ERE BARR AOR Ree MOG DODO SES OULOEDE COEERES CE EE EGREE CHEE PER REH EERE REE eee ® 


v/ Vs 





GSS SE SSSEE BOSS SSSERE BORE 8 SEE Ke oe ———S et —— 28 CT RO EEe OS Basen ~~ 4B EE Bee JE ERR EOEE BER RS CERES OES R ERR ES PERE OR ERs BERR eee eee eee 
oO ee ee eee ee oT ooo BESO HSC RR eR ehh 
JOD BOUS00 0d COOGEE DOELE DOGE20 00000 000882 88 20002805 78 DEEDDSRE “38 GE SUOEGR0e20 C7 ERn BOESa 30 G8 GR RORE — “SER SRE ES BEES OS ONE ROBSON ERE CHAR OR AAG ARORA Bee eee 
JOD DODO OC OO SSRD GU O0E DU SST USSE0L SESSSSERRE FRR REOSe—* BESS DSOCAF ORBRE ONT OC OSGI OSES BB o> BERR E EROS “2S RFS E OS RH8 GS EOR PTO BRERA DER RRs Reese 


OGEGOSS0 CEGGg GBRBDAR00)0 GBRR SRO G80C0 100 DEBEG BEBBOL DODO O80 IBHO0E SOC ESE EE f ASRORASSERE POSS BOR BE eeesARBeaeL 
OG GESG00 00088 DGBU00 8002 DESBSBDOOGSUG0\O0 SESE SESEDAC COE GESOCVEUO DOSEN BESS SUSE E SL Gk SO PRASE ED PRBS 





DEBCEGS DADE LEO G0B8 DOSES BBE CG DARD DSDREE DROBO BO TRS BED PRS BOURGAS aBEAaSEw SEUERSg0005050000000RR050008/RSS0555RR | 
(00 SOC OOD Be DDO Ee So CBSE 52s £ BOM SOHO G0 Ga Lk SRSS SSR ES ARID ARSE ESE 0s GOOSd PRESS SUERTE NADRE SERRE FESR RA SEES DOESEE ISSR EDR SSES ET RRM ReeR eee 
CIO TOE BUOOUS0UO SO SSU BaCCH CUTGR SLT GES FDS OS SSE ESE SUSE FOSRBE ES ARs TALS GseSE SPPRASSASHA USSSA PROSE ORGS (SERRE SSSR RSS SRe RUSS Beek ees 1SEReD BEeea 
0." (BR OOOO REG dG S020 NSE Re GRE ALLSESE BERR GALES SUSE SSS FE DSSPOASE Fe GOOCTRSALA SSLSOSUREAL |BEU RODPSASSE) ISSSOReee eee SEO R2BSRR\ PERE DBAS Beszae 
if SCDUn DUE OSS ES 08 88 POOR SSE EGO DERE BO8 BG ARO CAASs GOS ESAS SO OSs CORES Oo Pee Ppt tt pt eq 
\ie eS 




















58 


59 












































BREDpEE 
TT | 
TE F : dae 
SSH eEHnATENSEE | Ha ATE 
an / a i / : a 
EH : 2 3 Baap Sauaay 
ii ee i - 7 a i | i | i Hh Hay 300 ,000 
ae tli | ne + HPA Ht BeEHEMs Eee i Hf: ates ATH 
HEE ae Hu il i ALE ie / i il i cae 
a ee Hi ah He Lea 
a oe le | He = 
= oo aA 
tH SELIEEEECE Borecar duit sce piitEroed 1 
7 a a 7 i 
a ae ae a TTT ooo 
HEE Au TATE Hi Tauieh 
a a REE HY coe 
es He ae AE a ; TH HHH EEE atti 
Eee EE Hit 1 HEE > uP EE Ht Hai 
_ | ae 
eeSHEERESECEEE att i - HE SHEE cf ae 
oC 1 7 es 
Hail HHH aT TT EECOECSESCE ay HES seca ias EERE if Ht a HH 
a cE THe Le dae _ 
Ce el up eed BH baci ee TET a0 
EEE ate BREE) tazaede AL UE HE ciue WaHET itn 
| Let Fe ee ae 
etl ue Hey ec rik Ae EE 
in eee va ie. 
ee a ae i: a 
 . t a al : i it 
| : 
. Hu a 










vel 
fe ul He cloud le 

tf oe ii i HE 

a ce EL ad FE 

: GSEs 

Le FEE 


Lm 
J 

5 6 ai 

i 

3 ° 

? ° 

<a : 


60 














| Li SE R20a SSSR GESSeRssS ne Bae Baas a BOeaSRa eas Raga pel aly 8 
fod a aa 2m a8 an a Sa Lis DoOSeRVasLaD w 
I Bun a G2 RBEoR ag | jo |e aaa BESEae Bae nae BORSA TASS 
Ba a | ‘a <. a GRSZI eRe eeRaIs GEaneaea a Pili ERE RORRSR ARR Saw a 
a ty B aouw BRB ChE Seess SBeEsRESaa Zane EDD HUDDS PARE ARRAS an B Na 
4 ——-~}-—---—— SBS S) Hea A tj CoS Bae Pee Pe ee 
ea CHR Beet BHUR 2 OBER SRABARAARD a Le Tob Soe SSeS Se SEs SSCA See ss | 
OT In SE oe SLRS RS Se eS BORSA SAIS Gee SoC G0 RBSOo lO Ragas DOSER SSD ABA SSR SR SRE i 
MC onN CID Saas ESATA ERI ORS SESE LARAD (RSA RRA es se; GBESRELRBEL VALET SESEENE Awe an DRS OSES SR SRA ARR ArSao i! ar 
IS CTIA 7S Se Fea ELLE PASASPEEe? l ESSAARSAR CA PILED OD ah Ree REY Ae BEGRO?S= OSt SARA SHR CESS SRR Tea a a Y Tene 
QE IGBASEL. TET ESR Pas ICLLTBESED, LASS RRES OS AACE SS SPER ERUBE BeELEE fi Te bos Ce gee PNT LEY BS Ba BBD ASE AES ReRARESESSS i g 
° SE TSEIEI 1S Si LC FED BRESCESS IAI BER B CHCA SRL SH SILA OG lHrwhr tees Bee Se, THEVLGIL JACASSHIRGaD Sree 4 Sie a 
Bik 121 Te \ERARAL BF 1 OBR ARE CSRRBES PARES Oe (RRA Pee ese BERERE “RRS RTA RUVGeSe GR Eee sm t —FY oe 
(SIS?! TCS 1 24 Feo FOS CEL CAA fh, —__+-— | -] aut QR AH BS ae SIA ea eee ES t cae zeta) 
cE) WP Es LRN BEES SSR Sew teRewAes ERSRGD URE RRR Ae PRR LI ROCs Ss AHIR ARE eSBs: zt ott. iF 
(eG EE Te es a eee ee aR 4 Re FNAL Oo BAe BRO ARSE jl re: cae 
ae crt Se 
4 owe = 
1 = 
a 
4 te 4 
———-@ -_ 
— 
ay oe 
} ‘ 
__ a 
i 





ea ee 





daaggaee 
nual a 
aa I 
ttt 
= 


Bao ms a 
pf ee ere 
1 - { 
—t as 
— . 


1 
etd —b 





60 


50 
entry angle (degrees) ¥; 


30 


80 90 


70 


40 


61 


et ee eg | |) aT a Sl ee ae jor Zen a er 
REESE BSS SERS SEES SOR Osco CaeesE bee Awon oul oeet (To Oesoooeed 6 JO8c Cann ng BSeCo COe 5S SOESECSes (SS OSERESGEEE 150000000 CG5R5000 6500 0Sdanecnueeseeue 








SReEBsL. — ODOC CRSLUOEREs ORG SERA BSR BRS aESS 
CUCU OSC OUOEERE 12RD RROSS ORAS RRR 


meer TITI LITT tte 
Co ee eile is 
_ —Gegags®! QEeES @SERERES CaP Sec CaRE DD SRR SAO —me 
ee pt et ee 
eo EE CUS ES BRAS CORRS EEERS COP CEN BERENS aE! GURESESS FE EEHE JSR POSS TE OBES 6 11 we FS OE BASU SESE BE a cS BOSS ROSk BEES Oe eS ee 
él 





: BS SPER" AES SA DEORE RASS he? OOO JIOSERNSeATaAe ~fras BE ORE BEERS OSRE0 OWS GEE BCE SO0 BERS I BO Oe eae eeeees “ieee Pt tte A Et Neg GS ERo 

{ —- BOE RS 5 BOORT CORRE SURHO 94 V0 SPOOR ABOOORCRRO SEES <=] BE OSeR0 008800 ClIN0 gO0NT0SS O0G0 BROS OER SR UOSS RS SS OESSS OOUs jOORSS PRROOGSRi tT Tee eee eee eee 

‘ EORee BES SEG 0 SSS 0S Pe dc CRE SEE STE GBE2SE5 SEE coUOSERE EERE. TB SEU EEORSE ORRES CIO SBE PERSO U SD JTBE EPRRAS AUR EOE OR ORs BRR eRe 
oe DRSSREESTHRE SRI DSSGARESTSET SRR OTR “SR BAGS RRASl” TOs Osae! GROSSO ER BO. AERA OSR SEA AS!  LAOee eee CREE eR eee eee 








BU GBeaRl =] OOSSES0000070 FB8E8 8 COOOL TULCO: 801 SES BS OCSRS SFOs DST SEB ORE RNS PSR OLARREACREE ZORA 
: Bea IRS Res Bee Be Sy & toe Ree RSS LeAL!A BAR0S0 BHAT TORN SSDORAOSASSGh* tf IRSA RSARS CO {SREAA RRORD SERRA RARE RPS CO. 1B CREE 
+6 WSS Do SUSE FERRO SRE Ba STOLE NOR ESTeeo Bar wee 


BRE RSaE Eee 
! tS & RIT = RSE RE GPR SRR MAE SEH. EE OE CBB IGOR ERLE S2OE0 SEUSS LTO OO OF PROSSER OE TORO TET Tr rte ere aT Cy ae ees 
r ZT 6S! > DR bes SSeS SEERA BOF ORO DOO Oe COO OMe Cees OO COR BSOUS OE CORE DORs Pe eRe OOe sess. 444 4 - a 
> H SRPMS EE BER REESE. 4 HRMS PME SEI PEO LITRE? GOES OUD Ces gs OPUS ATS BET TORE: 
! ee@tiucwdieee SOR 
GRECO TSE RBEREE BEA = 
{t 





ea ae eater En eee el eae esr 
an BESS 30 SG SES SEDER AED TE GA sO SRNR OCOGS RSC ON CORSO HOO SENOGSSE8l CASEI 00 CEREBAO OE SSO5 OF BSEOCOR RS SO SSO Ses Tae RP OSes oO 
bao oop BES Ss —— SES CERES SEES CREE SESS e PUSS SSNS SSSR RTE BES SSS SSS SSRs SERS A Rees SSRN Oke SER SSNs Seeks eeene Seas eeeesenek Seeseeaka 

Sf O00 ERs SSA GRAADAoAS REDO CURES DOD CORRS Dano ARO es TO ORSee BEL OSes eee GEE BSeee Seer 
(Eun eens + ewes SeEweTeraresenes 


0 DBS SS COORG TLDS EOSRSsu OFe OS BE O00 BABE SCORRO ARE CORES 
GRD SaS G0 OS SE8A OBE G8 BD SO SEERA RRO ARRAS SSO OO OSE GO REDOIO COCA @ASSH0O SACO PREALD Saar 
GURS E20 BELA GRR EE BRASS BARRE esso 


nea 
ESO0 COREE GRSAR PERRET SEES CS + OOO RE OURO GEH0 CORDDOCOER € SUGROG0ERDOSTE ESR OS ON SOC CRE R BR ESSRRE BS ASR AS RASA USER OR SBS ees. e28 
a SEES SE SSE0 SERSAERRZ0 BOSD OPS OE BOSSE GOT 0000COCOULE BE SOURD OSO OE GER DDASHEOCOBDOEREOO ORR EAASSOONGSA SOLAS OO ABA eee 
a3 2907 208 SERED GSB PASSA RSALT OI 2F0O0THD CABESHOLO AAC VUeaaD > BO OOO Sab OOOO CORO SaABAD 

62 G53 BREED ASSESSES ESARA BOC2~ TORO OSE ABeSoee 





as Ss" a 
J — TREC SLSR SPORS DaRR EASA GBR *DOEEE8 LABOR Ree0Dase 
et te CD ESS GREP SAR SSUES ERR CAINS FOQOSRe COCOUERROOeaso 


i, 6) PS RRS OPES PERSE SEO RE ++? SERED EADS SAS COU USSSA CORSAGES ST 2V OR DOGO SOOO ER CBE... SIO DRDO SSZTOE Wee BERBERS Pees Bee eee 
q ha RECUR DADACETClSPl AAAS l eKS 2 DOUOLD BS RAO ORNSO PSGSRSASE 1 DOSER CASS 0 O80 PRASRGOLSROLCODOCEDERL IF RO RPO OEE POSTS RRS Lee ee eee 
; —— GEE PSUR PAD CHNDE RT PAPERS OB} CRORE BS BSS SES S0 CES TESSSR8 2B SSBU0 SES B00 FOS G0 GOES 0COCOOCOUOR00OGOR 7 zat OBER BEEARO0 CARRERA ARS PASE ORE See 
vaB 29 CREE GSS SORES RS GUS +7 BOOT POR STRBSOT BSNS OSS SHOSTCOR COSR SADR OOseOoeeu0 Ht he a ty OCONEE PERE AEE BSR CARE 
: CCEBE BRBASASLESAASDASSAABAH & 6 HHS OCHRE O Saal SAREE BS DROSS N8 O80 PROCS HCONOROOFOFr COORD; . DOTS LODE ALPES SARS SRE BeBe BREE 
: USGS GEE eRe eReLE Aas Yr BERLE BOOS SSSR ORESAS GORE BEOEE SSOO0DTOODEOeSU CSB soRBCl espa»: 
ae USAT DDC RE DLPSE DES SACS ORS SPONSE PAOHD POSER BASSE BD 08 FHSS SHUG PRARA OBSSOODSROOSRw® sa! = 
‘ BER EM CUD BSEREREDERSUESRKED EBS 2 DOB LC LOS OBO ODS ER ESSE DOORS GEOR GOCRU RESO OURO CoBooooR UO OCU SESOE0 CURD U OE BECO SORES BED ORE ER Sees Re 
, OE CORES ARLES SOARES SO GERM ETO OESO OOM AAAM MOA AOA SARs OOP Des OATS oo oY DOORS T RES OSB ER BOO Cees Bees Pease 
PPTET ST ISPTORERT peor see see ee eees eres TT VSS LIS ae ee BOC 1718S SURRS RRO PO CRO ARS SIs Fees 








entry angle (degrees) Y, 


62 




































































© 
S S eo 
es < 2 2 rt 
(ocnn Gee oceres © - & oO OQ . 
tBage seca averosarsntetaveatazes ro —_—- z S 7 
ue Ses SEGEEEEE ESF So: o S 3 
ao0am JRE oeS aannems SSS mw gan oa oan SGnnnu8 Ree ee — © : 
ee ee SEH reer SE = o a 
pee a Peepie nth Sted Se sanceeet Cecer eal Hoo aoe caer Naha ee eee Subes sssaeesssvaeestaii 
sees ceca assaeesneree ~seu Ta SEE EPG aaa anasua See, cts SG2en samedan [a0 SoeR a8 a a adaue ooo 
egg gseecgel eee Eee ESSE Sere ersezanpeserasataee syeetentsipotbs fase HELEN pasevzevesszeis Sieut Hoses #EEII Enassoncst 
sear See ne aEee reer EE fice PR Hee =annn6 Eaanae Oh 4 4H tH aneeue ey — ESESe 
Sef =osEE: euteaiersecststice sosesssoctenstostesstatfostsaieeti pareasasdasicae sas Seseeseesus/seasea Snireiteee BED EEOSEEECSSGE /enee Bees 
aa ai jmeneaunanensess Saas senses sat esbeccecedGascece PH soe fesesereszersursceer? seenseeaarré Ciao =H Fiala cog omen seen ort seas eee 
saran tet anil SSC REEDS SC SSER ane Suee Bome nestees ibs fase teens frees eseey srtteee Cee nene tonne A A te = b4--5 Gnaw (pangcamGconeme 
Poet et ongusesasss siesiustes teateapectnstestuset teats Suaaagueee Suaueecne Ssnseeunnne 4SSnSEERn \GERSuEeengueSuROROE aan) Sun ane sasc2 
See Eee ee SESRe0. Sc geSGUBGREAS soensseussnaneen=— aBACe Sud codes peeatcvecatostesterie saci EBOeas ues pm) 
Sbbssceet eters eetececeeetoeee goera slaves neseriaasseaeraaee g Rryeseemrs ceetepeent Sreesiaesresttaites so tenueseaes SP mean naeat 
pes et at = SGsESUSGnEE-~ 3 SRCEEEDSEE DaUEE Beseuaewaengerauunan SaggSSGEueSu6 sneeegeuneguaneyaueeanan \ a 
Poe et SSS aa’ snails Sainesatoseatessaifats s Sonal oo moeeEEsESis ans ooGSuOoSRRRESmERE PH 
saaza: Scdas ineeentess eussesnans ssssceesey ssasze a ctaerreert : aaa gagase ee JGsenceeSuGu0 oa. See 8 oon Seeuscersss aces naeeres euulesst 
Febeeeh ae Seis: a rastasnss snessevostaeest/< gece eeetyeniestesees sESSEESESCnE See sie 
== eee — a ey ae os eraieeel fiveeei to sepaesa,(cassses Witess Syscdbah sate pert qth 
see Sesess sipeavesstsesstostas pa at fp — Ea eat Yale ea pee Gases SeGnauna Bae0m _— ‘oe 
se grates eet tvest ftassseeetvstet aes nteee ad +4 aan @eomecuome ff SE sannnn noaseeen ine ed 7 ay 
Han aEreeeeeeet arte eer ae pet SEs 2095 1e"e Bap 3! aeeee rte ft HED SUGERY SORSRER REESE C as Sian 
espero sreegeeer seer stiraar: geod bavevarenesnsvarases sbera/evssessasraner tases Sigeercentseny =poeseseestis gine 
ene = nee Pe eee ees Pa EO SCRmees me a ean gents Sooeeent sen pce eee je aw 
tse eases sane aanS5 SenS00008 Se aGGeGuan perth Peer etrer ptt ry Po TE SSG Rn BWR ee acnnnB Hate ae He! a Sate es SSR 
igfsuanos $e cea ann Sane) sued ceseeauegn ote Seneensauauuneccnne qj Bueeai\ ; Sua Gc mee at eee a4 ised - 
sbsceussatensssseit a eee a Srriieceatiovastter arf supe tesstersestioas sends cessed eauezestce EESEeaazt 
Po Toscsneneaaenen nas susesessnsns tf prperrer Baek. oF Seco ceoeeenee, ae 4j----f- 4 WES TREREROSEE Se : 
oo caer aa aaa Se eeeane eee a HE Ere reine eer ae 
IRSSEESEGHSSEESESSERCEE Sasezeeaeoats BY SEE Gaseeesseeeeneeceepmsia tra possagonns Joseescasetuacseatacezat 
eosin Eenrnrricss eon gee Ria Este iat emietnes essereginerseos geeeeeeaee tines bree ai ecimiaae sia 
See as a flab dst eet See nreriiey aI sss ARE ccesstatatE Sik 
po cduzeeraseuseessaeseis Syear vaseue sevet actos scasscvaeseessr sated Se reseesey anne far a EESESToHetofassorenssates, CEE seuss 
a asa. nnn fa ep Wai SEeeEEER janune SESnSaneneenn seaunneee i Saeseeuan srstt vesttviae oa TETH 
ipoidoerasfastestistesttatice: Eu te ese nese Ranoc a sreanterrstanterzezt fay sae et 
Epis asst eneeceeeeteeetea Fr itesttenttentt assesararerotetetors ctncp ge eceurcrcadenitandeaiitey  eadtaatatatesattassestast 
serfestesiseensesses siantesd’ eacstestastas TS ye op serieuy avsey arvastaniteis Earn deena Tree oe 
Sesestend ore test aseatotds ESE SS gees Watens atesttitet scrats HERE eats crete ee taza 
GGnge SUOGSGeeue Seaee 4 nan SoneeseeasGnennGneeaue SGsnsGeGeSGGGenaua6 SRaneas p/EEEe See Suess MaMResQnceeee TEA ETE HAH 
ASE ScoS aan 30555 oauee 4a Hees see Sus ceeenGeeeen gepeaers came sue’ (\nnne YH 4 iia 1 Ss peaddontantecy au cntasterteastattavtts papas 
Speranansteavatnaneis spesveeuatcesarsazetzar eT eeraeSn EOE ed ofhesterfarestteed oe start 
q HeSBEeED ee zn BESes @ a8 Secneooua tH tte te 4 ee 54 lalgietetoe ase 4 : Sagoe aes 7] 
sre een geeeeseeey Se Pee pee a at iin giaie tii ERE Ee 
qeSES Eda? cagceteese BEseeteeee azcensessecieees = as Chagmaol ose ot Paeeeae Po caret TEES EMEC aun ett 
sae=s SSS cases tia ttt ete tee Pooh Srersesetaies sesasvan BEECHER EEE SHGEUUSCUREES= 2550+ GEsSE=res Sas SU UEGEGREEERSOROEEL 
pee ete sitsstoststester testestestestestast sesguenunn_ounen soy aeaueae sescseaugsneeenae A oR SuSesapageeeensne amRao 
gunen Beene Sennenen pot ee 2S0S5 5mm Se EE Sy@ssunceansenaecneeeunne Sue peeee ise @eseeaeiees URaAe Senne Ree ReneS ' aeeB 
Fa al PH a0 SeSSRRRGBREuEE SuGs GoSEESESEGeSSS<ner tease ae ear ae eee an eee ate HEH ee aes 
Sons Suns neces sonSeecnee soe ester isco 2 sceepeenest 
ose aceon CAE sueesaee>_sduapenas seneeusae PEE a PEE Sceasesenaesuane 
1 sESSSESESESESESRSESEE Peo ee a ee t —- 
a taatatatetaterct cI Soccgaseeseneeeus BCE ee se cesseeeessseezssass oF seaue 
Pett ttt PH He BEE REGn Rew Poh 
Bt HE 14 SHG oGa mies due saneus 
Ltt tt saree 


500 


400 


200 


100 


Ny (ge) 


63 


| 
® 
> 
® 
© © © © ‘) ee 
© © © oO -~- © © 
© © a) © a © © aS | 
& ry e & oy a OO 
‘) (om) oO oO wr oO * ©) 
=) Ww © Ww oO oO 4 
eN a @ -- = _ WwW 3) 






t 
8 





cece esas Hass abHs onde castoastoatassitanaastasisnstasieas foastostil seesusnas seseeeeess 












GGA PSB REDO CSUSB RE aRl oe t BY, Gs PF, OODE SUCRE LOSS zaeawe oD GBH f DORSELU ESR GBH Bae @9 00 GSSReoee8L 

Bagi tccssastecssssi tosassttastnggeoaves tomsresessnssseesssseeerostsisnnusestostetesassessoosttana santaasst@soasssson 
Snead ne aeat ete aeee tae lace eRtM sere teat Seta faett i uQOre aeatienaaciicen ONE eteeeetttS 
Stree Suess geenSHeGGq S00 eueneng) Guseea tee asGenesaes so57s56 3 eee 

gx SDN ET COORD OROSs Seon see OO JeDee A et A 4 fete testa ft 





4 - OBELS SEs DOBSSEEC RSE FERS 1aeB RLIGEGERS BBSHROEEEL 
EESEQS CURDEABERC ASESE OU 








he o VE RORR8 OSEeER. we 
£2 28S GERRAOh v 








ar et ee an Sesunauseeans 5) Auguanea bed aauhG OSes RSeen RaGne SRneSRbue! © Anes ceoeeeereE GEnVeGReeG Ss Gecsene! icnsee toea saneeenees 
fait Lt ye eefat a) GB32 1 ER ISSA Sees s66 JDNONC [OOSRe Sib PAPO oR . 10T10 BOSS ERSEE AO \SORE G0 8 Fees eens) eekee ee BOOUUEEaE 

; ae ee RSD @eRERah ARR hs em = Sane) GUSSSGnnon Doom eeene FHS eee JBOGEH Aen Seer oeee 
Penns noeuseesse SO snc SSUES EES /SESEE TEES os a SESRES DOSES Saeed BSCR aaame ere, Sas Suner canes os/e) saneg/weunuuen! sauwen, Bessaeeuaaeas 
Pepe ee Sneus GGGSRSR0 Mf REGRS Gnaee Cone Geeag & WSESGEEES GHGSeSSRSSGRE/ Mm Gusnasesnessses seas, sade AnECeceEal LeeeeeT aes eeenneeeae 









SE CRE POS Beep Gea eer 3s Be OBB OU GDC SESS BED OCOSERD BD CADE Dees Beas BO UseDAsy OBBERESELS 1B0 BOOl DOS DERRe eee 
i 
{ 


; ie By Cees Pe BREEE SSSR OSA BF “27208 OSGNE SHERE ULE BEF RH) | SETSOAENG] 1RBORS BE eee eee 
ES aeh Bee eeeew GBM 2] BSOBOE AGE 1 SSO e ees (RSs Beh SRE ee Beeeee Se 4/-{ C6 ABE GBSSR0EaE8 Pd ty BOREECSLER) JOBLESS FES Geese eee 

A i 1% 2000 DESEEEESER GER) R20. JO IGSSRERSERSD leleae DOO GSaSeaeaeaaat 

Jf ABS eC OO0 CES OOR ERS) GORE DOLLY STO SSUSOASl DSOS8RS LR Bee eee 

















. RE Se SSeeeee GSEGDR 82988 808 0a 
Foo tee Se saodaceasananse sanaeraces SSDO8 heBLo BRS) var nhaaii AJQGEERC 126000000 BEREsBaee1 
7 Al 2 oO" UBS OSE SS ESAS es Reee oe ia Boar ae Poe 4 H H H se 





an Ou 4808 {S08 S4 RO Sa0a8eReL200Ra 
jae va EG SSSR Pee SE eee 
: RSE ESAS ERAAR ETS 























1800 24.00 3000 


1200 


600 









































ce 
3 S ) S 
S S S = S S 
“ a S . — = 3 a 
SsGRSEN ERs pees Ener cosas soues SaRCeRGA ovens <oGsttT : 7 - vat my tA 
Ssceccoseceseeosoee coececeenrceseecnee eee eee ened ete etre =a iE: — c= ' 
SE SRSS0 SRUSUESEEGSEEWSDnees at R= = bf pet @ eneEe qeaosCen Beanees BaSse uname saan Gees © aoee Same me — 
Faesd stacy assesaates sutestusno coats eed tect eteat sfoteaiag Prey wa oe is eset scoss aati duaia peed eeezasasatiaa senranvetsarsserass 
BES SHESEESSSDESHESEECEEEieat ceeascotastortosecsts PE Oar eee SeQeeteeaad CecEt (RY qi °eRSCEackbrectE’ am HS HEBO 3 aes bend 
sgguneucne\- mEnanae SESEETovanfasodasezeassaesatesstetecsnsrestoty <3 Ons Setaeeececeransssnsesane SEREcEe Aten tatessesseette, PEUNCEEPEPEE ER ey 
igoseagang Ccontasstasdedntastasessostestosestentontoterseters : Soetossstoasteas/cosdtes sscsttoriet ail AEE 
ie ee | osten Coea tees cfY A eeaseotel ear ceed Era rear 
igodsedpad ianstontedaatezsetestens=/ace stantnssasonsas pases SEEPS poche pat pf LL bbaligusesspesesserat 
sbsssoaudoesadaudatantassusostove: sent apuvensent onantoseoiiicy Ear rriersronetapseeseraeiaens Siadar /suovavesetata eves igafetel fava osessfuacataest 
poe feume. aed tee fee FE ns! 2 Sumeu ame y aaa SeamuouGee BRaRneeEn! Saasnnay 40nGenm wae JeSERee - = 
ieescatadty aossatersessanterents saued sauzaasaascarsesvatacaeasiarit rirsaieva —--—|-..-} sbbrer/¢zessstaiestazazental eu tesessteatate 
soe Boz5 £octeacesad sasvaanaar sodas vats assazsansasoaesseres ScOCEEreEescess ai dena arsneseurssnan) SisasyAsssseetsee ie sate Sees toons Coeseseeet 
sueseiieecoateventacseventestastasacti ipatonsessomartr Auttest oteel SESW Ga seasatased teneuesen raver tatasstasaen: sss teorere SHEE Fb 
aueaune > ee enee 4 Saapaannae moos SEGL an ge” ZneEo RDS Semeeo Cola amc ne Bee LAEBOEE oh Ga SeS SSR Ra 
a at ft a tt Seb ae ra aes name a cUSlsa8 GuEReRey eS ee eee } CORSE ERES RA SaReRE Rs 
Sear ereens fer ee npeee peer eeess eeeeeeeens Coes oes eee eso Sera peeake Pesseasseyasseaaes (fice dssevacersateas Lea nba! Senna e Cree teceeuenat 
Spero SHEERS HSSHSEEES Het deceseeataetente (Hess EERE CEES EEtE coda Gosttostoaeattees cite (enstectesttstees |nt/atese Eaieoce 
eeaerauas cesesnesasonanstatasesansfosozensat naatase/ Saoustascs camsesesrsoees Yesnauenes feectiw Ad Ecc ~/Geues Seestewes | WEEh seam! eee 
see gage erseeeeysseeeeecnhered eecptertes depede Ste : ESEeaeepedeestnateed oy teevsrobeedi eset 
Seen obo ave tet Sp ii Gedeccd ce tcar /oSeReschccessseees cee iy nea taeH Gouge CU SeESa EEC! 
Sesdbetocssstevsdtd susstteees itsvuinjasatet ae ateevae eal creer Hy ort (ai S0OSRGGGGn Reena ae ame Looe PBESEES inl teeecrace: 
Sass 20g SS SS SESE ESSE SSeSSe aes acd susaaun ass cSaeESETT SaRSRETTTaeEETE Pe Ae ee tt Fes RESaPESECE SETESOST Es| Sree! Ear] CesEeeel ot RETTH 
Sc seas ossoatastayavteste fast ostas uate snsteqtesteaeestpeseatectirgs ot ES see eee cad enseeeee eee 2a cece (eee oeoeeree 
bauy= erst senna syesssarsesaasseressaza! Seas EEE Cu GaP anion sug iseeuaraas) aussbucesasvasastaaeaossescasaea. esi fasesasseeeatagezedt 
Seuse-issusebad stats eases anseuensesneast 422 saestostotecsatectestesrassrats a 
sete ebes canoe URNS Commeeeeds CUES ces ts LSsee Hens stestantastertastattaste patseaste (oie aitas astontaat ttattifese soeer oe! (DECucencesecuecens 
se ncUsseeesseesses suseeseen suaeua’ as beeas SescbEnond egaes neces onanecees gu none teaecee’ SeGusgd SeGee=EUGeaeaun! Banani Gennanat suuseesuseGuessumess 
foenes begs beere ene Sraae bata Se fap fe samme IRy i sf dattbsnstesesbstastetetasteti SEGUE! ESSSEUED IN EERESEEET! 
4 bp a fel et ay Gunns Sonen RSs SSGseasaneeeeeeceen rt —~—1f.-- SSSURSURS SRESESESSERSES! SERENE semaect Baueeun Te SuCSSRaRet 
on Bt pap ee tS fe EE He tH 4 > Sen) ower eee weans Sones aanes reas ft-H tH ft 
falecree Raines i cape on = Gabi dete neti cates esttetenicre ctesten estes ie ieorasrefaererrerail 
irae tazeetanetaar eg Slauetaae tase eeetane teeta ee goa ree eraaneet enue te ace ae Hee eag ebestzocee 
see G05SRSSRS0eGRSReS0G00a7 4aneauneesunaeaeneenae BEE SHAH Ss Grete ceces cess ceeeeey Zectecseetecce mi vms ee cH ant 
aE ee eee ecceer eet eter eee Te TEED Acetaoet ete ttastcee eee anatnee RETR Seesitcitotestocta 
oon oo goog oo teas deed GongegeeenSeeeeecene PERE CHEESE a ry Soil sauss neds SEDEA‘SSa9 /Szeseeess eeeecceect SOAAnsuea saaneamnn 
at eee acts ate eee ae ee ae te ee eee Us: flee eseesiaeetiae taeitae euazee| (neta nooo 
ieee sane oceseeceet ected eee atas nes Htsadaaasoseet concede cee ip aitasel (eee nH iscet teal tnpsaoee EER pessrotsosaezetrees, 
pS Ba fa Se iseeetttbeeee PGR AT eerie peeisssst- 
SEEGHEGE=#SgSS0T0za0 oust agers sorta tates enastatafesaarsnseafatsiietafoaze= a ESETREE cece are oon ed tooo etee tceeee aa eee mene 
wos SOGRSRERES EEREES=O9S EEE ted taserdceneceen ceeeettetfeeeesoe ee eee 
Lt 


2400 3600 4800 6000 


Np (ge) 


1200 


65 


500 









NB e ie 









. rr a Sarena 
if Hi ee Hy Hee eoue 
eat a A: HE is E : ae HE . lhe i fe 
Ss 
fille [ee HAL EHE Hee HES HT EERE EN HE 


an a er fae ae a HEE VEE HE Y 
Cs Ay une a ae aE at at i Hf 

He stead (etnods FETE Hee FREE FETE PE FHL a FIUPEREE REESE 
re ee He a Haut a LL f 
aati HEHE He He EET EEE Ee cn ce 
ge SUH HEE init ili inti His "I iene a ih + ite ei d 300 
Eee ee eee ee eee EE H fot Hirt a ETE ie 

: is 


a i 








































== 
gsessstoaesrs 
sete 
anceeuae 


oe 

Hise EeRE an ia Hae ERE EEE EEE ie te i 
ee i ss inne ae au ao anges BD iit a 
ci ETE ESET Hitt gee ue cH pesdee HH site HE He it ae att * 
ALE Hi at TESTES tint ali al nt HEE CHS HE 
KEaEUCTt fae cebaa eee vantecteeees ce ete eae] aEEeT TPE Cee) (Ye TTS 
eh 
| | 
2. 

Te ee 



























HE iby af HE f re Ea Es ae ae a an 
oo 


24, Se ae 
r reine A t= 0 i 560,000 ft. 





66 





> "> ‘So “O 
= os ef = 
sSOS8 2Oe U8 ISOS ees. OE Nee DOSUE TERE" Bree. ween Veg pw bw eee Sees en <> 








N SSE RT 

JOSS ESEELS~ ARGS BERS. SO BSe (SRS6 FOSTER BSG OEROk FOOSE EROS ARE Cena ala 

IOSCSSREEL 155 BOGEEHS “S208 FOR EEE BIG GEGR £0 PQE8 08 ON88 PR ORR ESE RE MECO ESO 0 DAVES BR O88 88 OE Oe Be 8 Es PSs Bes DS PE PARSE OS OR ee 

IOOUPOSSEEE COBO UBSEE Gy 38 GCS NBG 0 CSORABRS0 PPADS DORGS PASRO 88 Ok OBE. BERL. 2 PREG SBE BO BOBS OOO RS RAO RS DOORS OER ORR RR SRE Be Ce eRe E Ce ee ee = 

SOOC ODS ER Gt GOS OSH00 GEST PEND CESSES BESSA E CORR SSDS PROSE BHD) PSR GOORS PERAN BG BS OOO 8 PORES SER As BOS 6 REESE SA PE BO Pe Ree SRS 

DOSER GCS EE0 G80 T029T80 SOY COPS SEES BOOS PER ees eee. BREAN J 2 a i a | 080 aa oases 

IDE GO BOGHS DOSY OX REE BORE SSeRe USES Wee Doe fe fe IN PNP Be POORER OSHC OB OSE Ree SORE ee 

OBSSEESOR FSess Mf BS fp yt | DERE EE SHE PSOSHECESE ES TeSeLo Ga “EE BS SEES eee i 

OBOSESS SU BERBER. VANDER REeY TAR eE eB a po LT ES TiN WAG Lt BaNB OOBEa Platt pe a tpt pt pd 

IDE JOSOERS BSS LSEL VQ eaOesBes. BE. 142900 CABES EES SS GOES BIOS Bes Pea. za G Oa*0 FES 

_ HN SOD Sea RE Ses PS GeV Ieee AHH RE Ht a Ca St ttt ee eet et Ht Ht HH Et oe 

JOCC CHUNG OU ODO O EDS BIGESEES Los (ESOL 7 BSER BERS SESS e eee Bees eee as bQOR PNCOGELO 60 UOC EERO DER DE CPE BUDO BS Bo BS COSTE EE EE Be SA Oe 

10800 BS0G0 SRS CES HEH) SH ASERSRSD p BBR LL DERE R BSS OEE ARE BOSE Pee. aa 45 BNBSEEA pomeeg 4 fy 7 tt fy tt BEGOSER200 DEeSpeeseaL 
i. SUT AT BRO0CR STE OSA OO EEDA EERE ESE BERD OE BS OE BS BS BO PRESB 


GG 50059 9 e OCG 66 ORE Hh Ht ge pot rf | 2] 


F 
mf 






po AN OR DOUGEEEERLS DSSee Sees Eee 






JESSE CSSSh CORRS OSHS Bh CS USO Be SaBe. COUN O DB DOG G08 8 OEE EE SSESS ESOS Ass: De MOSS OEE ON TODEEEDO C8 SOOEROS BERD OS BEE PROD aE See Rs Be ee eee eee 
\ Pt AS NN OBERT OC SE0 SEBDOLS SER CHOBE BREE SOR RSE SDE ARSED 
He SS CHEE DY OG Ge Eo DN EE ODS OOUREE BO BOE DO PERO ESE Re SOR OE SS Pees PER Ase 
GO. > RSE DSSS 0S OOR RS OS SS SE PERE BOS OE Td ORE BOG eB ORS Se GATOR EOU TERRE SEE REE eR OS ee 









50 











= Ok BEBEOSATE OSE eR OO CHO UESSOU ORO CORE EES OS Bee Es PR eee 
JBC 2 OBE BES SS SERGE BSR BREE Gc OGRE SAAT UEEE IE 88 PER +f ++-4 —--| Gio BEL GEEREASG BESS BS 00 OS BS DOOR CER REaSe Ee Bo DOSE a eee ARs oe GEESE 
-- : TTT TTIN Gane SSB BOO GODSER DOOR OO OBER ES BER OOS aR Reese 

bh CE BSE R= JC REE ES BBS E BROS OES PERE E REESE PRES ee Oe Bee 








WEES SR 88 CHESS 58 SS ROSS SASK CORSE SEG. CEASE EEEAN ae RH tote Fe J OBUESE SES BaaSs SuELEReE 
a BEE EEE EONS CoN NS GEES BOONE GESLSBES ERR CeBRODOs JOUODES GOODE RSE SS AO BER AEEAD PORTE See Pees Bee DOSS Boe 
TE. 10 fF. 985 BESS 8 OS OSS BO O88 BE BO RSS eeR BSE) Si Bee 








Ife OREESUC SESE OSESaS Eee eee 
NT TTT TEs’ pH tT Hy RS LVDS BBS Se Pees Bees eee HEnea 
JISC)... (2D CRESS F880 DORR BSSSSE ASEBS SESE BEER Os Geeta. OS BSR CEES E PSE R20 BR RO ER SEES AORN BEREAN SO OR ERS EAS CRO ee eee ese Ree atalale eels 









N 
» AS aboon + 
SSE600 COBDS S SEHD DRESS PSE FD GEEETS NERS SPSS Sl. OS RS Re DES SE 2 SESS RASS BSE s PERSO 5) VWRORE" NCU CODED DRESSER ROARS Oe eseES DO SSS eoSes 
DIDO GB SSC8SB82c ae SE BDU CRSSeSeRTza Sans “ER GEE 05 GES SS gaSe0 CUNO DEBE WE BORSOEDS 2a NS BORGO SU ee £0 BCS Bees Cee OE SSoEERa 















a Cab CHEER + |_| 
_ PSE EEE HT Eg EB EEE BN Eeagen DECSEsneseEEo 
5a VV ODD O08 300295 BASS EDRSRD FO BASSE DEABE SPER SASS Hed sa 5 DEER S ELAN BD BEE Pe COREA REEL Den we ONE BO oe Uae DODGE DSERES sa PODER eee 
ws me o88y DODDS PS EE GES E202 02S ESe202e202: 02020 GER VOONSRDODES OWURR OE ORE Pe eee 
IF CIS). JOSS OSS EE O82 BS FOSSHS F8808 EERE AER EA BOER eee A Ty an. ea. 


oP C. (OGWd DBS SS OS BAR SOR 28 OLE80 BASSO BE OWE KURA AASB Eee 40 SEER EE EERE ESS SEBS Wy | - H OE BEE oaks 
4 2 SROERED ob tH ae GSE 500 S508 8 

tet ASS NOG DBSRE GlIGS0 SGBHE8 PRESS REeHO CHES OCas TONES Yee bese eT peesaeneEs 

‘2Go ality 00 DG BSE BOE GOE2 G8 OOS OU00 FSE00 FASE E SEROE BE ESS BE RRSERRAOVEeRe RE eR 0 SPD OOS BSB0 OS PEE ESE SSO Coe SeOoesk: SDE EDI oS CIS ee Eee eee eee eee. 
an Noe TNS af FH tO ONGREESS UUAUESESEe ODES SUPE Ees eeee 

JG. |GBEBH00 ChE JD RSET SEE PARE SEE PSS8 FSGS LER SREP Bee eee SOBRE BOG 8 CO SON 8 8 G0 BSE BO ES O88 GESEE BES 259 Se BOOS eRs ONE SNS Eb UO Gd oaeE Es PE ee eee 
= “UBER EASRO 0bNSS8 BES BS DEORE SRESRS ESE BRR OO RSEs OE JERSE Sea Ue OOO SE REEEE OOeeeeeeeo 

CED CRS EEN EAS Sa foods ode eee qt tt He AN SUHEREROASRESREeeS BOoRSE 
(SJ TT eee paeee neeee 






10 
log M/CpS (slugs/ft 
















88 «2 £8( 0193 - JeeeeeEEe 9500005005 7505555555055 5050008 25582 aSSGsResEaaen.\GRmeennnae eft ef et HC eee Na BEaR. SuGeeunane 











: r TTT 
Oa; Salo 2X S008 DORG08 BOS SS RSs SRS eee Oe Oe Oe Res SSeS e ee RE Ree Ses aspesseh sare uasassesns seuss Seeseencssessessnaeneace teeea Nace fec0 00m 
ee en eet oo ote ee ee Leet NN LOLI LIICLOECICELECCCCT CEO ASS +H s ns 





h 





HE BED OCBEROEE DOs OE eeae eo: 








‘f  2008 DOG COB CSG0GL0E20008S CHER2 bE OSOSBESEES SE DEER DDREES BOSE ee OES DORE SBS LSO8 BEES COORG | DER OB EeS LBEE! DESoR BER Bees ee by sn nEa.~. 
ire : ~ pt 4 fe t+ SSS R8RL da a8 
JL JJ 00S 800008 BOOOGlS COBE00 CORSE FSD 08 GORRE SE SE8 SHORE DOSER OREEE Of GSR RE BRON ASRS RORRP RES OSB ees oe PH eae 
@70 DSO POSS tt ey Eee eee GHEE SESDo 
SRS ar LP SLR Fl PF Ft SP LPR IY I EE LT FL FT FF ES PN) YA 





















2 
55 


67 


FIGURE 11 aeeree ee —— HEATING ret vs 2 th 
ace Hy ; acy ii ar Uy |: ‘Sad 1.5x10° 


: a iene 








a ad . 
oe 7 i WT i ” 
ae 


HABA LATHE _ CAE 


‘uaa | ae 


4 
3 
ae Hae it HE i Uy ci 


E ae He if SUE a a 


rd | 1.0x10° 


i : i qa Ha: ua Te 


ee 
it Tae 1 a : = 


‘al HEE 

T i y A a i LL a LC ie _ | Het _ 106 
HE ay i titan st is Het NTE tee He te 7 
Hii aut ae an rh i i _ Hb I D. 


aa 


SBGSDOLC 1) PARSE heOes Be 


as 


a Ht 2 EE at e He a i 


pean 


alli SEAS ea 

fe eae TES MPs eal ne : Hien ct 

esSosDHPENcrast neaagate eased setoseatiiteasasieet ie i: a ak He cle 

i 20. 370 4O 50. 60 70 Bon mcm ee 
M/Cps (siuge/tt2) 








rr 

4 

EE 
0 


68 


ro 
® 
> 
® 
© © © re 
© © -_ © © 
© © a i] © ue) 
™ | g © = 
CO oO — = o oO 
WN <> e+} +> © am 
_ ~~ xs “JF Ni wy o 
j€@Gehb Feo’ osecogeaedd DERE SOBD DG SZEZOGEOR SUREE FEO SE BSS ee SSSR BBE SEees eee GUE BE ERED £20 RSE GCEN 2ee0GS28 828 0 LEGS SSBG80 0OSE5 SE 250 2224 BSSGG0e BES Beeaves 
J/@ GUE BSOOOD GHH DOES EO DEE S003 GE) LABEL SORE TREES RDED EOL eSSS FASS eee PCC ie lets tote ets) eel | nel ict Laer ee Te U 
(GOR BE ORSS BEB BERBSLE GODS Cee 








| | 
r, 





oe 


1 


ING SAD SSG0 LeCSERESEE 88 OEE ORELD CHE SORES eSs wee eS EEE EEE EEE EEE Eee Ht 


aan 
ue 





Ean a! 
bo ee tei tt con ea 
GEEDSS SOR SERRE eeeBarA eee 


aers— 
CH oes) 


- 


BSHS GRSE5 SERRE ER SEER CY Weed BEBO oo Caro eeso oes 
ESOT SESRI DUSG0 SRREE A COCA YSESD GERD OOG ROO OOHCOCRSEAOOBEBS 








6.0 


28, 


520 
t = 0 at 500,000 ft. 


ey 
t (seconds) 


4.0 


69 





458 168808 8588088026008 2eeeGq00aea 
Sah Vel Cee BDeSEER Gee ee 





1c RBS SB EBSE 28S 25 805800 S8OGR0 7000 28GB GGE8 0808080 559540 0S88C 05558 0285 55058085 SSS usaanes 
BEBO DESEO S0° UEC BBE D5 BERD CDAD GREE SERS POSE Peo ees 
ERE DEBTO 223 JO OEP SE DRADE DRONE SSeS T ERS CEPR Ge Pe 


BBE RODE ESESUUEEB 
DSE SORRe PER EPRESRG DOERR PSPS Pees Besse 
GES SP een JOABDORERREASESE SOG00 S2Se0 8S 800 IB AOR OR SS BFS eB ESSA ees es 
LPN Ta ee et! 
BEG SSSR eer”. 2 Be Bee “Ss 
BSE BRESER” 258 PEO ERESSee Bes 





OBUDDD BBDBOUEEEES 
(SESS REBEs seems 
BE DODOS SESE PESOS 00 Ee SESS e 
G ESOR SE SSESERRE SS. BEBE GE Bee eee 
DOBEBESOC SBS".WOBO.o DASDE SERA EDD DOB.O4 OREEADEABE 
BEREBEE S82 BA CERBE EYEE E EERE EEE ERPREEES Le Bees 
eee ree | ie) ee) | es 
BOD SS0D8 f) ABP SURL SOLERO REDE. 


BHU BEER OC RES SRE RDE OB SPED 
SERRE ODE SSEREREREE GERBER DE DEE DEERE ERE HS Beee.2. 
GB SH R08 DHE8E SUSE POSSE SESS 1OCUE BEEHCR BBSD".0Bh. 
BEBESC TESESB8 OU ER ECE SE SeaSl 
O59)\\0 DEE BU OBB EG BOERS OBR Seaoeee 
BDGS BDUSE SDS BESUSSE20 EE OUDBDEDDSE OSS SEB SSE CBRL DEB SOOe Slo O00R0 
GBSUSE BE OS8ERS UG SHPSRRSRODE OOS OOO S BSE BBE ES SER BETO PASE BSC loeao 


BEBE SER BB ESO DE DOO 8S8 SS OS DOOUESEO RSDP NIDOl08 BESS URE SSS OOOOLO LODO RSE DB 49 8B BE SRO° UDR es Be Eee RA 
OB OOOS8 DES STEEaTH.. £5 BES EREBS GROOT ODS sos 
DSS O0b SUSDEDSEGE TRF EDO BSE Sees 
BOBBLE 2500 OE GS0 eaRooeass 


O08 SEER S88 BASSE SSEEs 800 aS Ses SER sees Vee sees Bese | eeeseeees 


\ DBD BS SPREE SE SeSRESSRAL 
O00 SREDU SUB SS SED SEDER JEEPERS JS SESSLER BSD PSE eei SERRE See 


GER OBR2S LUE BADER E SHO ODS SERSERC IDSA RSS STESES URS PSPS PEE eee 











GU GE BBRSORGRSE 1020-70 0S00 0 1900 SEESE GSO SARS ORDERED BESS 
BEEOOSBSESEST SOO VOOM aSSSo DIS E PARDEE SEs eee 
SEGRE BERU CODE REDES CRD DDASEDO BUYER ROPE BE Pe epee 

SSERERBEGC PBEBEDEDEC SOBROREALO FB). 200 SSE OE SPADES SE SSPE? 44ND Ee See eSee 
TORRE GER 08 GS SEE SERS DOSER SESH SSH. DOESSE SES SSRSESE SReSE Bue Bese ee 








BEBE 25 BSC OSES D BES HD IDO EE FADES SEBS. 3S BR BSS e_AB Bee 

BEG BO8 G5 GRSs ERE ED (ASRS REESE SRE RSE. ORs eee oO” . Oe eeeeee DaSESaH8 

oo ete — SEBEESSSE SRABEE SEES CORRES REE BEERS Sees,— 7 22""—_. «CEES Ree Sees 
aS a 


OSG00 Dea 8O GSRHe Ges BURRROOSRERSSESEROH 
DOR ERE OS SEER ERG DEG 4 BSBA 
IB ODS BOERS 08 8S80 SERRE eaeGehlS2co0eaeeD 


CER Eee 











IBGen Ba “SSS 88n Seen eee 
}S CORR ERGt “FGF BRERA 








GE REDED BS DES PSEA DEBS. VGRReae0B 
= BHEEED SERRE BSSSE eee 





DDOR EG SEE RBSe Bee 
PP ee rig Pe ae a § 


a 
a 
_] 
J 
B 
a 
‘od 
» 
ro 
a) 
G 
a] 
a 
i) 
o 
im] 
a 
a 
BD 
I 
o 
o 
G 
a 
a 
a 
a 
G 
a 
o 
a 
a 
Oo 
0 
a 
a 
o 
o 
a 
0 
ia 
a 
0 
a 
o 
a 


V. 
é 
o 
- 
F 
: 
F 
F 
d 
E 
a 
: 
ia 
: 
: 
: 
: 
: 
: 
: 
: 
; 
: 
: 
i 
: 
: 
: 
4 
: 
E 
E 


BODSSU ..coLUBERERER DD OSE OBS Se eee SE BEBE Bee 
ODODE SESODCUDDU LOBED SESE SE BBE ERE Be ee 
DO OO0UbEGd DoD SDUDSULE REED E ESE SE PRB Oa 














70 










HEIHen , FE HH 100 
a 
innit] HLTH ELEY cTIERE ERE He 
oo 


ee ea are 
eee ae ae so a 
Inia GIG AMe Galea 


ft EH seatboateanteeateatieetteett 
Hu oo 
Le tf 















te 
fn 

ato setters Ht fe Hh 80 
a a a a A a HE 
ertiait 


oe aoe 


ngs He id 
aa ie Ht He iE i Hlissaitt Hl HHH sii 
ae HE HEA een pate He 
fifa oe Ee if ae ea 


7 
ETE Hite 
ie Hie HH 


PA eee He 20 
ee 








iy iG fit Lt ate 
BEIAEHU LS ae it 


EY ane 









oan 

8 

o@ 

B 

Gaa 
Pte | | | 

Sea, 


TOLL Le 
san° Prost pes CO eee 
Noh 


Eha—Val bee eee 
a Ba 
OBB AB 
LI pele) had 
BBEnEB 
DESaaa 


rate | 
SEE ifthe Hy ha HEHE 
[pel ENE 
7 


EEE oP “ace abeg 
Fat ie ELE Sra 











i Giclee caGe PCL 14 soaees aig 4H; oH a Feb 
Pee ook ae HE aati HE cna elt 
Fill init fits Hae Gitte af ae gH HEE se] teririe ERE EPI Cte 
oe rite ah -— i ale ~ HH TE oo 


WSS 
| 
— 
7 


SS 










oes ieitie 
aan Eeowaaeoes t eu 
Sasgneuans te 

Oo 






ia ae i a a ie ae Ae 
aertiae ate craters Scdieeapesdreogeycutectete HET: bee caecttci 


a FEEELTEEE EE Bal Caters it EY aH 
cristae Hl iL - + au ls cil: rH 
. ee ee ae 















Seeinaadfenreteert tt 
















| 














































He AE HAN ip Hilla 
ane a 
re | i : hi 
: i i L F 7 a i Va | He L 
| i ce HE a _ i . _ a os 
f a FHTTEEE eT ! | Hg E il 
a a 
a ae v : ve : pet 
He ul eee itt 7 i | 7 We nwa . 
a c aul moe , 
He - ono 
oc ae 
i eo ee 
re aac 
 . se 
| aoe i 
oe 


i ne a _ 
as ae 


i 
aE E 
a a 
eae 

FFRe ese Feretets 

HE ae 


fe Hae iit SECCUCEES SERRE ALE GUE ; FTE at 
So . 


ag He Ht rs | 
PoE Ae a peltee HEH FETE Ht p TUE eat ne 









tit te ac ce ie EEE a eae 
‘eu Hi Ht HE fle este aL BU L HA eee AE Fs 2 

oo _ 

oe 7 ) 
aa if a TR i 
aa 











Ee = ii abt Ht Rie ae 





I erteetateat tt i P al Fi 
ere iea a nat aE a ne a nel 






a ea ate a 
eae ee 
cee HELE EEE ett EE ELH UE 
ee Hit ae Bere el aie eae Foye 
ca att i Te a 

ia ae Oe 
Adin eRe eta He Eau ete Hi Ae 5 
He eae CHEE Hue ae HEH HEHE ae EE xe 
zi ee erie eee | 


a aa ea nena : 
Lo ae a oa fe a a A Ee 
bes | 


© © © © O © 
= ON co ~ \O N = 











as 
eS 
mm 
in 


73 


REFERENCES 


Kuiper, G.P., "The Atmospheres of the Earth and Planets", 
University of Chicago Press, 1952. 


“Handbuch der Physik", S. Flugge, ed., vol 52, Springer- 
Verlag, Berlin, 1959. 


Jeans, J.H., "The Dynamical Theory of Gases", Cambridge 
University Press, Cambridge, 1925. 


"Encyclopaedia Britannica", William Benton, ed., vol 13, 
pp 190, Chicago, 1959. 


Peek, B.M., "The Planet Jupiter", Faber and Faber, London, 1959. 


Duncan, R.C., "Guidance Parameters and Constraints for 
Controlled Atmospheric Entry," MIT Instrumentation Lab Report 
1-285, 1960. 


Chapman, D.R., "An Approximate Analytical Method for Studying 
Entry into Planetary Atmospheres", NASA T.R. R-11, Washington, 
959s 


"Ablation Cooling", bulletin 160, CTL Corp., Cincinnati, 1960. 


Gazley, C., and Masson, D.J., "Surface Protection and Cooling 
Systems for High-Speed Flight", IAS Preprint #638, New York, 
1956. 


74 


BIBLIOGRAPHY 


A. Atmospheres and Physical Constants 


ie 


Romer, E.M., "Planetary Atmospheres and some Associated 


Flight Problems", unpublished notes, MIT, 1959. 


"Space Technology", H. Seifert, ed., John Wiley and Sons, 
New York, 1959. 


Firsoff, V.A., “Dissipation of Planetary Atmospheres", 
Science, vol 130, No. 3385, pp 1337, 13 Nov 1959. 


Urey, H.C., "The Planets, Their Origin and Development", 
Yale University Press, New Haven, 1952. 


Struve, 0., "The Atmospheres of Jupiter and Saturn," Sky 
and Telescope, vol XIII, No. 10, pp 336, Aug 1954. 


B. Heating and Deceleration 


J 


Allen, H.J., and Eggers, AwJ., Jr., "A Study of the Motion 
and Aerodynamic Heating of Missiles Entering the Earth's 
Atmosphere at High Supersonic Speeds", NACA TR 1381, 1958. 


Eggers, A.J. Jr., and Allen, H.J., "A Comparative Analysis 
of the Performance of Long Range Hypervelocity Vehicles", 
NACA TR 1382, 1958. 


Detra, R.W., Kemp, N.H., and Riddell, F.R., "Heat Transfer 
to Satellite Vehicles Re-entering the Atmosphere", Jet 
Propulsion, Vol 27, No. 2 (Feb 57), and addendum, No 12 
(Dec 57). 


1G 


(ie 


Eggleston, J.M., and Cheatham, D.C., "Piloted Entries into 


the Earth's Atmospher®, IAS Paper No. 59-98, New York, 
1959. 


Detra, R.W., and Riddell, F.R., "Controlled Recovery of 
Non-Lifting Satellites", ARS Paper 784-59, 1959. 


Gazley, C.Jr., "Deceleration and Heating of a Body 
Entering a Planetary Atmosphere from Space", Rand Report 
P-955, 1957. 


~ 


Kepler, D.I., "Concepts Influencing the Selection of a 
Configuration for Atmospheric Re-entry", ARS Paper 
786-59 , 1D? 


Sandorff, P.E., Unpublished notes for Course 16°761, 
"Orbital Vehicles," MIT, 1959. 


Rubensin, M.W., "The Influence of Aerodynamic Heating on 
the Structural Design of Aircraft", VIDYA Associates, 
Palo Alto, 1958. 


Lees, L., “Laminar Heat Transfer Over Blunt-Nosed Bodies 
at Hypersonic Flight Speeds", Jet Propulsion, Vol 26, 
No. 4 ) 1956 ° 


Romig, Mary F., "Stagnation Point Heat Transfer for 
Hypersonic Flow," Jet Propulsion, vol 26, No. 12, 1956. 























